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The Devils Lake Basin is a sub-basin of the larger Red River Basin located in 
east-central North Dakota. It is a terminal saline lake, which lacks an outlet until the lake 
level reaches a water surface elevation (WSE) of 1,458 ft asl (444.4 m). Lake levels 
have fluctuated continuously since the last glaciation, in response to natural climatic 
variations. The lake has risen steadily since 1993, severely affecting the infrastructure 
and residents living within the area. There has been much debate over whether the rising 
waters are caused by natural climatic variations or by the drainage of wetlands and 
agricultural lands in the upper basin for agricultural purposes. The purpose of this study 
is to examine the relationship between atmospheric circulation anomalies and historical 
water surface elevation fluctuations. Two independent datasets are used: the Spatial 
Synoptic Classification and the NCEP/NCAR Reanalysis datasets of precipitable water 
and 700 mb (hPa) geopotential height. The results from the two independent datasets 
show a small and inconsistent link between atmospheric circulation patterns and the 
water surface elevation changes. Some of the selected surge and drawdown years show 
physically consistent relationships to each of the datasets, but many of the results are 
inconclusive in establishing a conclusive relationship between historic water surface 





The Devils Lake Basin is a sub-basin of the Red River of the North drainage 
basin located in eastern North Dakota and northwestern Minnesota. The land within the 
basin drains from a system of coulees into Devils Lake, a terminal saline lake (Figure 
1).  
The lake lacks an outlet until it reaches a water surface elevation (WSE) of 1458 
feet (444.4 m) above mean sea level (North Dakota State Water Commission 2011). At 
1,458 ft (444.4 m), the lake spills into the Sheyenne River. Were the lake to spill into 
the Sheyenne River it would cause catastrophic destruction to downstream communities 
and natural environments. Lake levels have fluctuated continuously since the last 
glaciation (about 18,000 years ago), in response to natural climatic variations (North 
Dakota State Water Commission 2011). The lake has risen steadily since 1993, severely 
impacting the regional infrastructure and as well as residents living within the basin 
(Figure 2). More than $1 billion has been spent in direct federal, state, and local 
payments to mitigate the effects of the rising waters within the basin.  
There has been much local debate over whether the rising waters are caused by 
natural climatic variations or by human modifications to the basin hydrology, in 
particular the drainage of wetlands and agricultural lands in the upper basin for the 
purpose of improving agricultural production. The purpose of this study is to examine 
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the relationship between climatic circulation patterns and historical water surface 
elevation (WSE) changes to determine whether there is a clear link between water level 
fluctuations and atmospheric circulation anomalies.   














Figure 2. Construction in the Devils Lake basin to raise roads. (October 2010) 
Two independent datasets are used to examine whether climatological factors 
can be linked to water level changes: the Spatial Synoptic Classification and the 
NCEP/NCAR Reanalysis dataset.  
The Spatial Synoptic Classification (SSC) System is a weather-type system. 
SSC is based on the identification of six different weather types across North America. 
It assigns each day to one of six weather types, or to a seventh transitional weather type 
on a station by station basis (Sheridan 2002).  
A subset of years are identified that have historically large or small WSE 
decreases from spring to fall (drawdown) and historically large or small WSE increases  
from fall to spring (surge). A Chi-square test is performed on the selected years to 
determine whether the expected frequency of weather types in the WSE analysis years 
are the same as the observed frequencies in the full period of record. The null 
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hypothesis is that the observed frequencies of the selected years are not statistically 
different from the observed frequencies of weather types across all years. Statistically 
significant differences in the observed frequencies between the selected years and the 
expected frequencies of all years will lead to rejection of the null hypothesis. In 
addition, the Spearman rank correlation will be used to test whether there are 
statistically significant trends in the frequency of the seven weather types on a long-
term and seasonal basis over the period of record. The null hypothesis is that there is no 
trend in the observed frequency of the seven weather types over the study period. 
The NCEP/NCAR Reanalysis Project is a cooperative project between the 
National Center for Environmental Prediction (NCEP) and the National Center for 
Atmospheric Research (NCAR). The goal of this effort is to produce new atmospheric 
analyses using historical data (1948 - present) as well to produce analyses of the current 
atmospheric state known as the Climate Data Assimilation System, or CDAS (Climate 
Prediction Center n.d.). The precipitable water amount and geopotential height of 700 
mb (hPa) datasets are used to examine summer and winter circulation patterns. This 
corresponds to the selected years used in the SSC analysis, and provides a separate and 
independent test of the SSC results. 
The selected years with large surges in WSE would be expected associated with 
an increased frequency of humid and transitional weather types in the SSC dataset. 
Years with small surges in WSE should be associated with an increased frequency of 
drier weather types. Years with large drawdowns in WSE would be associated with 
increased frequencies of drier weather types, and years with small drawdowns in WSE 
should have higher frequencies of humid and transitional weather types.  
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The Reanalysis dataset results should also reflect higher summer and winter 
precipitable water content and lower geopotential height values for years with small 
drawdown and a large surge in WSE. Years with large drawdowns and small surges in 
WSE should have lower summer and winter precipitable water content and higher 
geopotential height values.  
Higher precipitable water content values indicate a greater amount of moisture 
advection into the region, when compared to years with a lower value. Low 700 mb 
(hPa) geopotential heights indicate a greater frequency of low pressure systems, and 
higher 700 mb (hPa) heights relate to the increased presence of high pressure systems.  
Rejection of the null hypothesis of no association between anomalous surge and 
drawdown years with weather type frequencies or Reanalysis variables would lead to 
acceptance of the alternative hypothesis that the historical changes in WSE are directly 





2.1 Closed Basins and Terminal Lakes 
 Lakes with surface outflows to the sea are classified as open lakes. Lakes that 
do not drain to the sea are referred to as terminal (or saline) lakes (Williams 1996). In 
interior or closed drainage basins, surface waters drain either into a terminal lake or 
into local depressions (Todhunter and Rundquist 2004). In terminal lake systems, 
fluctuations in the balance between precipitation, evaporation and runoff result in 
changes to both lake level and the concentration of dissolved salts (Fritz 1990). 
Terminal lakes experience increases in water volume due to direct precipitation 
onto the lake surface, groundwater inflows, and surface runoff from the basin. 
Decreases in lake water volume occur due to evaporation and groundwater outflows 
(Todhunter and Rundquist 2004).  Since terminal lakes lack a surface outlet, they are 
very sensitive to natural climatic variations within the basin. Small changes in 
precipitation and runoff in the basin can have more pronunced changes in water levels. 
If the climate becomes slightly more arid the water levels will decrease and the lake 
salinity will increase (Williams 1996).  
Terminal lakes are also sensitive to human modification of the basin hydrology. 
Human modifications include diversion of the inflows into the terminal lakes, and 
7 
depletion of groundwater levels, both of which can cause increased salinity. Human 
modifications to the basin hydrology can also cause water levels to rise or fall(Williams 
1996). Water levels within terminal lakes fluctuate over time, and they have been 
studied to reconstruct and understand past climates.  
About 17% of Earth’s surface drains into a terminal lake or sea,  or 23% if the 
polar regions are excluded (de Martonne 1927).  About 5% of the North American 
landmass drains into terminal lakes  (Wiche 1994). The Caspian Sea in central Asia is 
the world’s largest terminal lake; water volume stored in the Caspian Sea accounts for 
75% of the total world terminal lake water storage  (Vali-Khodeini 1991). The large 
Qinghai Hu terminal lake in northwestern China has seen decreases in water levels 
because of natural causes  (Williams 1996).  
Humans have been responsible for the decrease in water levels in the Aral Sea 
in central Asia, another terminal lake. Rivers and streams around the lake have been 
diverted, and the lake continues to shrink (Williams 1996).  
Other terminal lakes exist in Africa, China, Australia, and other parts of the 
world. Common examples of terminal lakes in the United States include Mono Lake in 
California, Walker Lake in Nevada, and the Great Salt Lake in Utah (Williams 1996). 
2.2 Terminal Lake Hydrology 
 Terminal lakes are dependent on the balance between the input and output of 
water volume to the lake. The basic water balance equation for a terminal lake is: 
input + output = change in storage 
A more detailed equation is: 
PLS ALS  +  Qi  –  ELSAls  ±  Gw  =  ΔS; 
8 
where: PLS = precipitation onto lake surface (solid and liquid) in feet (meters), ALS = 
area of the lake surface in acres
 
(square meters), Qi = surface runoff in acre-feet (cubic 
meters), ELS = lake evaporation in feet (meters), ± Gw = net ground water flow in acre-
feet (cubic meters), and ΔS = change in lake storage in acre-feet (cubic meters) 
(Williams 1996; Wiche 1994). Drainage basin geology, topography, and land cover 
determine the quality of ground water and surface water, as well as the magnitude and 
timing of streamflow and groundwater outflow (Dingman 2002). Water levels can 
increase very rapidly from increased precipitation and runoff. Since evaporation is the 
main means of water removal from terminal lakes, water levels  decrease slowly over 
time.  
 Closed lakes cannot exist in a environment where precipitation on the lake 
surface exceeds the rate of evaporation (Langbein 1961), otherwise the lakes would 
overflow. For a terminal lake to exist, evaporation must exceed precipitation. The 
evaporation rate for a terminal (saline) lake is lower than the rate from a fresh water 
lake in the same climate. The saturation vapor pressure of the air over terminal lake is 
lower than over an open lake, because of the presence of salt dissolved in the water 
(Langbein 1961). 
2.3 Devils Lake Basin 
Devils Lake (48°2’N, 98°56’W) in east-central North Dakota is a terminal, 
saline lake in the Devils Lake interior drainage basin (Sethre et al. 2005). The Devils 




) closed basin in the Red River of the North basin. 
Devils Lake is the eastern most terminal lake in the United States (Langbein 1961). It 
spans across Benson, Ramsey, Cavalier, Eddy, Nelson, Pierce, Rolette, Towner, and 
9 
Walsh counties in North Dakota. Also located within the basin is The Spirit Lake 
Nation. The lake and the City of Devils Lake were originally Mni Wakan Dakota lands, 
and the native inhabitants named the lake “spirit water” (Hoerling  et al. 2010).  The 
area was first settled by Europeans in the early 1870s, and the modern economy has 
always been based on arable agriculture (Fritz 1990). 
Figure 3.  Devils Lake basin showing lake extent at various water surface elevations. 
Source: North Dakota State Water Commission. (2010) 
Productive soils, grasslands and diverse wetland types help create an area that is 
rich in flora and fauna. This area is known as Northeastern Drift Prairie, located within  
the Prairie Pothole Region. The region is defined by many glacial landforms, specific 
environmental conditions, and biogeographical relationships (Hollevoet 1997). 
 
10 
Devils Lake consists of several bays that are, to some extent, isolated from each 
other and are characterized by large fluctuations in the concentration of dissolved solids 
(Wiche 1998). Since the last glaciation, the lake level has fluctuated from about 1,458 
ft  (444.4 m) above sea level (asl), which is the natural spill elevation into the Sheyenne 
River, to about 1,400 ft asl (426.7 m) (Wiche 1998). Since 1993, the lake has risen 
rapidly from the summer of 1993 to present. In March 1993, Devils Lake had a surface 
area of 44,230 acres (178,992,460 m
2
) at 1,422 ft asl (433.4 m); and at its June 2011 
record elevation, Devils Lake covered about 211,300 acres (855,100,762 m
2
) at 1,454 ft 
asl (443.2 m). That is an increase of 167,070 inundated acres (676,108,302 m
2
) (North 
Dakota State Water Commission 2011). 
2.3.1 Geology/Topography 
 The topography of Devils Lake Basin is glacial in origin, and is characterized 
by numerous prairie potholes and slight depressions. These potholes and depressions 
may or may not contain water or wetlands depending upon prevailing climate 
conditions (Sethre et al. 2005). The northeastern area of North Dakota is largely 
underlain by Cretaceous shales and is covered by glacial drift. The lake is a glacial 
thrust-block feature (Fritz 1990). It is an example of one of the most well-defined 
glacially excavated depressions in central North America. Marine Cretaceous shale has 
been quarried at least 492 ft (150 m) deep in some areas of the basin. Ice thrust 
topography south of the basin covers an additional 193 square miles (500 km
2
). Total 
relief from the bottom of the lake basin and some adjacent ice thrust Cretaceous shale 
blocks (Sullys Hill) is greater than 656 ft (200 m) (Bluemle 1984). 
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 Prior to glaciation, the surface material within the basin was covered mostly by 
gray shale, referred to as the Pierre Formation. Once the glaciers advanced over eastern 
North Dakota the shale was ground up and mixed with materials that were picked up 
from areas to the north. This glacial sediment is over several hundred feet thick in the  
majority of the Devils Lake Basin, and provides for the rich and fertile soils in the area 
(Bluemle 2005).  
The basin was also drained by a river that flowed to the northwest and joined 
another river around the Churchs Ferry area (Bluemle 2005). These two rivers were the 
northeastward extension of the preglacial Knife and Cannonball Rivers that drained 
about half of North Dakota (Bluemle 2005). The Spiritwood Aquifer is a large, long 
body of gravel and sand that is located in the Knife/Cannonball Valley. It is the largest 
aquifer in North Dakota, and lies directly beneath Devils Lake.  The aquifer stores 
about one million acre-feet of ground water. 
 During the Little Ice Age the Late Wisconsinan glacier advanced over eastern 
North Dakota for the final time more than 12,000 years ago (Bluemle 2005). At this 
time, the Devils Lake area was covered in a thick layer of glacial sediment overlying 
the Pierre Shale Formation. Once the glacier moved over the Spiritwood Aquifer, the 
weight of the glacier pressurized the water, causing sediments to be pushed out in all 
directions and into the overlying glacier. These materials were carried with the glacier 
as it moved to the south of the aquifer. Debris beneath the leading edge of the glacier 
was pushed upward into the path of the glacier; these materials were moved about a 
mile to the south. Areas where the glacier removed material were left with deep 
depressions. The glacier then stopped advancing and was not able to smooth out the 
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topography, which resulted in the Devils Lake area having a range of hills that consist 
of stacked up slabs of glacial sediment (Bluemle 2005). The highest point along the 
range of hills is Sullys Hill.  
2.3.2 Climate 
 North Dakota is located at the geographic center of North America, and has a 
classic continental climate. Devils Lake is classified as a temperate/humid continental 
climate according to the Köeppen climate classification. It is characterized by large 
annual, daily, and day-to-day temperature changes with light to moderate precipitation 
that tends to be irregular in time and coverage (Jensen 1974). North Dakota also 
experiences low humidity, plenty of sunshine and near continuous wind (Enz 2003).  In 
the eastern part of the state, the prevailing winds are from the north or northwest during 
winter, and from the south or southeast during summer. The rest of the state 
experiences prevailing winds from the west, northwest, and north for the majority of 
the year. During summer months the winds blow from the south for most of the time, 
which transports moist air for rainfall (Enz 2003). 
 The Rocky Mountains to the west of North Dakota act as a barrier to the 
prevailing westerly flow of air in the atmosphere (Jensen 1974). The mountains modify 
the temperature and moisture characteristics of the air masses that originate over the 
Pacific Ocean. Air masses from the polar and Gulf of Mexico source regions are not 
affected by a mountain barrier, and their moisture content and temperature are changed 
very little before they impact the state. North Dakota’s climate is influenced by many 
cold and dry air masses that originate in the polar regions, warm and moist air masses 
from tropical regions, and mild and dry air from the northern Pacific (Jensen 1974). 
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This results in frequent and rapid changes in weather across the state. The rapid 
changes in temperature, humidity, cloudiness, wind speed, and wind direction occur 
due to the passage of air masses with contrasting characteristics (Rosenberg 1987). 
Weather fronts form along two or more dissimilar air masses. 
 The mean annual air temperature ranges from about 37°F (2.8°C) in 
northeastern North Dakota to 44°F (6.7°C) along the southern border (Enz 2003). 
Annual averages obscure the large seasonal temperature variations the state normally 
experiences. January is the coldest month: average temperatures range from 0°F (-
17.8°C) in the northeast to 15°F (-9.4°C) in the southwest. The warmest month is July 
when average temperatures range from 65°F (18.3°C) in the northeast to 71°F (21.7°C) 
in the south (Enz 2003).  
Summers in North Dakota are usually warm or hot on occasion. The average 
number of days per year at or above 90°F (32.2°C) range from 10 in the northeast to 24 
in the south  (Enz 2003). Temperatures during winter can be quite variable depending 
on the air mass source and the amount of snow cover. Years with widespread snow 
cover combined with arctic air masses experience very low temperatures. 
Mean annual precipitation totals range from about 14 to 22 inches (36 to 56 cm) 
from northwestern to southeastern North Dakota. On average 75% of the precipitation 
falls from April to September, with 50% – 60%  falling from April through July (Enz 
2003). Most measurable summer precipitation is produced during thunderstorms that 
occur on average 25 to 35 days per year. The winter snowpack is usually persistent 
from December through March, and averages 9 to 15 inches (23 to 38 cm) from  
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southwest to northeast. The average date for the first 3 inches of snow cover is late 
November to early December  (Enz 2003). 
 Devils Lake usually experiences its maximum rainfall in June and July, with 
January and February being the driest months in the basin (Hoerling  et al. 2010). The 
highest amounts of evaporative loss occur in July and August when mean monthly air 
temperatures are at a maximum.  
2.3.3 Hydrology 
 The eastern, western, and northern boundaries of the Devils Lake basin are low 
divides that are not well defined. The southern boundary consists of a series of 
recessional moraines that lie between Devils Lake and the Sheyenne River (Wiche 
1994). 
 Shallow ground water in Devils Lake occurs in lake deposits and glacial till. 
Most of the shallow ground water never makes it to the lake; it is either absorbed and 
then transpired by plants, or evaporates directly from potholes. Deep ground water 
moves slowly through the overlying lake deposits, glacial till, and sediments into 
Devils Lake from the Spiritwood aquifer system. When the water surface elevation in 
the lake rises or decreases, so does the water level in the aquifer system (Wiche 1994).  
 The basin contains many shallow depressions and potholes that are connected 
by poorly defined streams (Wiche 1992). Some depressions do not always contain 
water. 
 The specific water budget equation for Devils Lake is: 
Qi + Pls (Als) + G = Els (Als) + Sc 
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Where: Qi = surface water inflow to Devils Lake in acre-feet (cubic meters), Pls = the 
precipitation onto the lake surface in feet (meters), Als = the lake surface in acres 
(square meters), G = ground water inflow into the lake in acre-feet (cubic meters), Els = 
evaporation from lake surface in feet (meters), and Sc = the change in storage in acre-
feet (cubic meters) (Wiche 1994).  
Ground water is relatively constant from year to year, but accounts for a very 
small percentage of the total inflow  (Wiche 1994). When there is no surface water 
inflow or precipitation, ground water inflow is the main inflow component. Ground 
water inflow alone does not maintain the water level of Devils Lake (Wiche 1994). 
2.3.4 Lake Level History 
During late-glacial times when Devils Lake was at its high water level (4,000 
years ago), it drained from the Jerusalem Outlet and Big Stoney Spillway into Stump 
Lake and then into the Sheyenne River (Fritz 1990). Since glaciation, water levels in 
the lake have flucuated from about 1,458 ft asl (444.4 m) to 1,400 ft asl (426.7 m). At 
1,458 ft asl (444.4 m) the lake reaches its spill elevation and drains throught the 
Jerusalem Outlet and into the Sheyenne River. During the Hypsitermal Interval (6,500 
years before present) the lake was dry. Water levels rose and declined several times 
between 6,000 and 2,500 years before present  (Wiche 1998).  
Large and frequent water level flucuations of 20 to 40 feet occur every few 
hundred years and water levels are usually never stable (Wiche 1994). Figure 4 shows 
lake flucuations for  the past 4,000 years, and indicates at least two overflows into the 
Sheyenne River. Low (high) water levels are inferred to correspond to dry (wet) climate 
conditions (Hoerling et al. 2010) The last spill into the Sheyenne River is believed to 
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have occurred less than 2,000 years ago. There are no documented records of water 
levels before 1867. Tree-ring chronology has been used to obtain estimates of past 
water surface elevations. 
 
Figure 4. Devils Lake water levels based on paleoecological studies of sediment 
deposits in the lake bed. Direct measurements have been taken during the period shown 
in light blue. Source: Bluemle (1991) and Murphy et al. (1997). 
 
The spot field surveys of WSE on the lake began in 1867 and water levels were 
taken sporadically from 1867 to 1901 (Figure 5). The U.S. Geological Survey 
monitoring begain around 1900. After a peak level of 1,438 ft asl (438.3 m) in 1867, 
water levels declined almost continuously until it reached a level of 1,428.8 ft asl 
(435.5 m) in August of 1987. This was the lowest elevation since the 1870s (North 
Dakota State Water Commission 2011). Since 1993 lake levels have risen rapidly in 
response to above normal precipitation from the summer of 1993 to present (Figure 5) 




Figure 5. Observed record of water surface elevation (ft) at Devils Lake, North Dakota. 
Source: USGS (2011). 
2.3.5 Basin Modifications 
 Before 1979, streams flowed into an interconnected chain of lakes: Sweetwater 
Lake, Morrison Lake, Dry Lake, Mikes Lake, Chain Lake, Lake Alice, and Lake Irvine. 
All streamflow from these lakes flowed downstream through the Big Coulee and into 
Devils Lake. In 1979, the Ramsey County and Cavalier County Water Management 
Boards constructed Channel A, with funding was provided by the U.S. Army Corps of 
Engineers. The channel connects Dry Lake to Six Mile Bay on Devils Lake. A levee 
was also constructed in 1979 across the natural outlet of Dry Lake. The levee and  
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channel on Dry Lake modified the drainage pattern (Wiche 1994). This created a faster 
and more direct flow of surface water into the lake. 
 In the upper basin, wetland drainage has been a topic of debate regarding its 
relationship to rising water levels in Devils Lake. Reduced storage of water in the upper 
basin could increase the volume of runoff into the lake. It is estimated that there are 
92,420 acres (374,010,471 m
2
) of drained depressions in the upper basin, with about 
201,990 acres (817,424,529 m
2
) of depressions that are undrained (West Consultants 
2001). Agricultural fields also contain drains along the edges of fields in order to 
remove surface water. This increases the amount of runoff entering the lake. 
2.3.6 Basin-Wide Direct Flooding Damages 
 Rising water levels in Devils Lake have affected rural lands, transportation 
routes, and communities near the lake. Any additional flooding poses a risk to an 
uncontrolled overflow that would cause catastrophic flooding downstream (Federal 
Interagency Working Group 2010). The region has been included in five Presidential 
Flood Disaster Declarations (Leistritz 2002). The economic effects include resources 
spent to protect or relocate homes, money spent to raise roads and replace structures, 
and income lost due to the inundation of agricultural lands (Leistritz 2002).  
Tourism is a large industry in Devils Lake and flooding has both hurt and 
helped tourism in the area. Fishing and waterfowl hunting are the two primary tourism 
activities (Leistritz 2002). Flooding has made traveling through the area difficult, but it 




Since 1992, Federal agencies working with the State of North Dakota, cities, 
townships, and counties within the basin have spent more than $1 billion. Federal 
agencies have contributed about $852 million of that amount (Table 1). 
Table 1 
 
Federal Funding to Mitigate Flooding Impacts in the Devils Lake Basin from 1993 to 
2010. Source: Federal Interagency Devils Lake Working Group (2010) 
 
Beginning in 2000, The Federal Emergency Management Agency (FEMA) 
bought out 76 properties in the City of Churchs Ferry and 26 other properties in 
Ramsey County. As of 2003, more than 500 homes have been flooded or relocated 
(Federal Interagency Working Group 2010). This number has since increased. 
 
Federal Funding by Agency and Major Activity through 2010 
Agency Activity 
        Funding  
    ($ millions) 
USACE Reports and Studies 13.4 
USACE Emergency Activities 54.6 
USACE Water Supply Program   7.5 
USACE 
Devils Lake Levee raise to elevation 
1466 (ongoing) 
         125.0 
FEMA 
FEMA programs including NFIP, Public 
Assistance, and Individual Assistance 
78.2 
USDA / FSA Flood Compensation Program 62.0 
USDA / NRCS Water Utilization   0.9 
USDA / NRCS  Conservation Programs 46.9 
USGS 
Water Monitoring, analysis, and 
modeling 
  4.7 
NOAA Warning, Forecasts, and Data Center   0.8 
USEPA Grants   0.2 
USEPA Modeling and cost estimates    0.15 
DOI / FWS 
Upper Basin management for wetlands, 
fish, and wildlife 
  6.8 
DOI / FWS Infrastructure Protection   4.8 
DOI / BIA Infrastructure Protection 80.9 
DOT / FHWA Road and bridge raises          364.1 
State Dept. Studies and Analyses    1.2 
Total        $852.2 
 
20 
The Federal Highway Administration has provided funding for raising 
roadways to an elevation of 1,460 ft asl (445 m). From 1995 to present, Emergency 
Relief Program funding has been and is currently being used to raise roads and bridges. 
In 1999, additional funding was provided by the National Highway System Program 
and Surface Transportation Program to raise roads. 
The U.S. Department of Agriculture, through the National Resources 
Conservation Service (NRCS) and the Farm Service Agency (FSA), provided more 
than $100 million to the area since 1992  (Federal Interagency Working Group 2010). 
The FSA funding assisted with crop loss programs when lands were inundated and 
incapable of production. The NRCS has helped with water conservation and quality 
practices, along with wetland protection, restoration, and improvement programs. The 
wetland programs have reduced flooding on agricultural lands and improved water 
quality (Federal Interagency Working Group 2010). 
 The U.S. Fish and Wildlife Service (USFWS) has helped with upper basin 
management, infastructure protection, and active private lands programs in the area 
since the 1990s. The USFWS has also helped restore wetlands and grasslands in the 
basin, mainly on private lands. This has improved upper basin management and overall 
environmental health and water quality (Federal Interagency Working Group 2010). 
2.4 Spatial Synoptic Classification (SSC) 
 Synoptic weather-typing is the classification of weather conditions or patterns 
into relatively homogenous categories. This continues to be very popular, and 
numerous methods have been developed over the past century to help solve a wide 
variety of applied climatological problems (Sheridan 2002). Synoptic weather typing  
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has been used in studies ranging from climate trends to human health topics such as 
excessive heat-stress conditions (Sheridan 2002). 
The temporal distribution and frequency of different air masses can provide a 
simple and effective method of explaining variations in near-surface weather variables 
(Schwartz 1991). Comprehensive air mass climatology data of a specific region is 
useful for analyzing past climates, and studying climate change (Schwartz 1991). 
The recent interest in weather-typing is because of its use in solving a variety of 
applied climatology problems. Concern over the impacts of weather, mainly for 
understanding possible implications of climate change, has driven the development of 
better weather-typing schemes (Sheridan 2002). 
The Spatial Synoptic Classification (SSC) System is a hybrid weather-type 
system originally developed for the conterminous USA. It is not an air mass 
classification system because it is based upon surface observations, even though an air 
mass type can be identified for each weather-type based upon the measured surface 
parameters. SSC is more accurately called a weather-type classification system. A 
hybrid system combines both manual and automated methods of classification 
(Sheridan 2002). SSC is based upon the identification of six different weather types 
across the North American continent (Sheridan 2002). It assigns each station day into 
one of the six weather types or a seventh type that is a transitional type between two 
weather types. The weather types include: Dry Polar, which is similar to continental 
polar classification; Dry Moderate; Dry Tropical, which is similar to continental 
tropical; Moist Polar; Moist Moderate; Moist Tropical; and Transitional. The Moist 
Tropical weather type contains Moist Tropical plus and Moist Tropical double plus.  
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The dry weather types can be characterized as follows: 
Dry Polar. Characterized by cool or cold dry air, and by northerly winds in 
most of the continent. Skies are usually clear, or contain little cloud cover. The 
source region for this weather type is northern Canada and Alaska. It is 
advected into the rest of the North America by a cold-core anticyclone from the 
source region (Sheridan 2003).  
Dry Moderate. Mild and dry air, with no traditional source region. In eastern 
and central North America it usually has zonal flow aloft, which causes air to 
dry and warm adiabatically over the Rocky Mountains. At times it has the 
characterisitics of a modified Dry Polar weather type or a mixture of influences 
from more than one air mass  (Sheridan 2003).  
Dry Tropical. Causes the hottest and driest conditions, with clear skies. The 
source region for this weather type is the desert region of southwestern United 
States and northwestern Mexico. Precipitation is not associated with the dry 
weather types (Table 2). 
Table 2 
Summary of the Seven Weather Types and their Associations with Precipitation 
Weather Types Associated with 
Precipitation 
Weather Types Not Associated with 
Precipitation 
Moist Polar Dry Polar 
Moist Moderate Dry Moderate 
Moist Tropical Dry Tropical 
Transitional  
 
 The moist weather types are as follows: 
Moist Polar. Cool, cloudy, with humid weather conditions. Light precipitation 
may also be present. The source region is the North Pacific or North Atlantic, 
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but it can also form when a continental polar air mass passes over a cool water 
body (Sheridan 2003).  
Moist Moderate. Warmer and more humid than maritime polar air. Rain can 
occur with this weather type due to the increased humidity and temperature. It is 
more cloudy, and forms as a modified maritime polar air mass, or 
independently, south of maritime polar air near a warm front (Sheridan 2003).  
Moist Tropical. Air arrives in North America from the Gulf of Mexico or from 
the tropical Pacific Ocean. This is a very warm and humid weather type that is 
usually very cloudy in winter and partly cloudy in summer. In the summer, 
convective precipitation is common with this weather type (Sheridan 2003). 
Transitional. Occurs when one air mass yields to another. This is based on large 
changes in dew point temperature, pressure, and wind indicating a frontal 
passage over the area (Sheridan 2003). Precipitation is usually associated with 
transitional weather types as this indicates instability due to changing weather 
types over an area. 
The original SSC system had some limitations, with the biggest limitation being 
that it was only available during the winter and summer seasons (Sheridan 2002). The 
SSC was later modified in order to deal with many of its limitations. First, a new 
procedure, entitled sliding seed-days, permits year-round classification (Sheridan 
2002). Second, the spatial continuity of weather types has been improved, as threshold 




To obtain all of the parameters needed for the newly developed SSC, known as 
SSC2, the following variables were needed: air temperature, dew point temperature, u-
(east-west) and v- (north-south) components of wind, cloud cover, and sea level 
pressure (Sheridan 2002). Another redevelopment included the addition of more 
stations and the spatial extent of the weather stations to cover more of the continent. 
There are now 327 first order stations in the United States and Canada. Day-by-day 
calendars of the various weather types have been available since 1948 for most of the 
U.S. stations, and from 1953 to 1993 for the majority of the Canadian stations. The 
average station record length of classified days is 44.6 years (Sheridan 2002). 
The time series analysis of individual climate variables has been thoroughly 
examined to investigate climate change, but few studies have looked at how air masses 
have varied over time (Knight 2008). The use of an air mass based approach can reveal 
more about climate change than the analysis of the individual meteorological variables 
(Knight 2008). 
SSC2 has been used for general climatological purposes as well as many other 
applications including studies of precipitation intensity, heat-stress mortality, and the 
urban heat island (Sheridan 2002). The SSC was used in the identification of excessive 
heat-stress conditions (Kalkstein et al. 1995), since synoptic methodologies can be used 
to identify climatological condition thresholds beyond which organisms will not 
function efficiently (Sheridan 2002). The drought in the southwestern United States 
from 2002 to 2004 was studied using the SSC2 dataset. It showed increases in the 
number of Dry Tropical days and decreases in the number of Dry Moderate and Moist 
Tropical days (Goodrich 2008). 
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2.5 NCEP/NCAR Reanalysis 
The NCEP/NCAR Reanalysis Project is a cooperative project between the 
National Centers for Environmental Prediction (NCEP) and the National Center for 
Atmospheric Research (NCAR). The goal of this joint effort is to produce new 
atmospheric analyses using historical data (1948 onwards) and to produce analyses of 
the current atmospheric state known as the Climate Data Assimilation System, or 
CDAS (Climate Prediction Center n.d.). The combination of reanalysis for the past and 
the CDAS into the future will be much more useful to researchers than the two 
components separately (Kalnay et al. 1996). 
The NCEP/NCAR Reanalysis Project is a continually updating global dataset on 
a 2.5-degree grid. This project makes use of the precipitable water and geopotential 
height (700 mb (hPa)) datasets, but many other data types are available. Some of the 
other variables include: ground temperature, surface convective precipitation rate, 
surface latent heat flux, high and low cloud cover, surface snow rate, surface potential 
evaporation, surface pressure, and surface upward solar flux. Precipitable water was 
selected as a study variable because it represents the amount of water vapor that can be 
precipitated out of a column of air, which should be positively correlated to surface 
moisture input. This variable includes both frozen and liquid water content.  
The 700 mb (hPa) geopotential height is used to identify ridges and troughs in 
the lower to mid-troposphere that are well defined at the 700 mb (hPa) layer. The 700 
mb (hPa) layer is located at an altitude of about 10,000 ft (3048 m) above sea level 
(Vasquez 2003). Geopotential heights at this layer can be linked to weather conditions 
at the surface (Overland 2001). The 700 mb (hPa) geopotential height is a good 
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indicator of the cyclonic and anticyclonic flow over a specific area, which can then be 
linked to the average storm activity over that area (Cayan and Roads 1984). Cayan 
(1995) used the 700 mb (hPa) height field to relate precipitation to the variability in 
snow water equivalent across snowpacks in the western United States. The 700 mb 
(hPa) pressure surface displays the monthly seasonal tropospheric circulations that 
regulate the North American weather variations (Cayan 1995). 
The 40-year Reanalysis Project (1957-96) was completed in 1997, and the 50-
year Reanalysis Project (1948-98) was completed in the summer of 1998. NCEP plans 
call for an updated reanalysis about every five years.  
These projects produce a record of global analyses of atmospheric fields to 
support the needs of the research and climate monitoring communities. This effort 
involved the collection of land surface, rawinsonde, ship, pibal, aircraft, satellite and 
various other data sources.  Data collection was performed mostly at NCAR. Quality 
control and a data assimilation system are used that is kept unchanged over the 
reanalysis period. This eliminates perceived climate jumps associated with changes in 
the data assimilation system (Kalnay et al. 1996).  
The NCEP/NCAR Reanalysis Project is unique in two ways: the length of the 
period covered, and the assembly of a very comprehensive observational database 
(Kalnay et al. 1996). The Reanalysis system has many unique features not present in 
current operational or research numerical weather forecasting systems. It is able to  
process a great deal of data in a very short period of time. One month of reanalysis can 
be processed in one day (Kalnay et al. 1996). 
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The Reanalysis variables are classified into four classes (A-D) that depend on 
the influence of the observational data and the model used to create the gridded data. 
An A classification indicates that the variable is strongly influenced by the 
observational data (Kalnay et al. 1996). This makes it the most reliable class, and 
includes variables such as upper-air temperature and wind. B variables are a 
combination of mostly observational data with some influences from the model. 
Examples of this are humidity and air temperature. A C classification represents 
variables that have no direct influence from observational data, and are derived from 
model fields that are forced by the data assimilation to remain close to the atmosphere 
(Kalnay et al. 1996). Variables with a  C classification include clouds, precipitation, 
and surface fluxes. The last classifier, D, represents a field that is obtained from 
climatological data and does not rely on the model. 
2.6 Atmospheric Circulations and Flooding 
The relationship between circulation patterns and precipitation has been a topic 
of interest for a long time (Booth 2006). This study seeks to examine if there is a clear 
statistical link between atmospheric circulation patterns and anomalously large and 
small changes in the water surface elevation of Devils Lake.  
Hirschboeck (1987) studied the atmospheric circulation patterns associated with 
twenty-one catastrophic flood events in the conterminous United States. Her study 
showed that each flood could be linked to anomalous circulation patterns that increased 
precipitation (Hirschboeck 1987). The anomalous behavior included uncommon 
locations of typical circulation features, unusual combinations of atmospheric 
processes, rare formations in circulation patterns, and unique persistence of the same 
28 
circulation pattern. It also was found that blocking configurations in the upper-air flow 
pattern are important features during catastrophic flooding episodes (Hirschboeck 
1987).  
Blocking is a pattern of pronounced meridional flow in the upper levels, often 
consisting of one or more closed anticyclonic circulations at high latitudes or cyclonic 
circulations at low latitudes. Such irregular circulation patterns can remain stationary or 
move slowly over a certain area, and can persist for a week or longer (Glickman 2000). 
Large-scale atmospheric circulation patterns have been present with almost all 
extreme flooding events. Within a large drainage basin, extensive regional flooding 
tends to be produced by obvious large-scale synoptic features that are persistent or 
recurrent over a given area (Hirschboeck 1987). Floods are usually caused by unusual 
weather situations. In the temperate climate zone, within regional scale drainage basins, 
high precipitation totals that fall in a short period are responsible for floods (Bardossy 
2005). 
Large scale atmospheric circulation patterns associated with the Midwest floods 
of June-July 1993 were studied by Janowiak and Bell (1994). They discovered that the 
floods developed and persisted in association with three major circulation features. 
None of these features alone would have caused such large scale flooding (Janowiak 
and Bell 1994). Anomalous circulation was observed with above-normal cyclone 
activity over the middle latitudes of the North Pacific and below-normal cyclone 
activity over the western and central United States. Over the western United States in 
late May, a strong zonal flow was present from the western Pacific to the eastern 
United States. The third feature contributing to the excessive rainfall and flooding was 
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a quasi-stationary frontal boundary and continuous moisture transport into the central 
region of the United States (Janowiak and Bell 1994). 
Knight et al. (2008) examined the trends in air mass frequencies over the 
continental United States from 1948 to 2005 using SSC2 weather type data set. The 
study revealed an increase in warm, moist air masses, and a decrease in cold and dry air 
masses, consistent with expectations of an atmosphere with increasing greenhouse gas 
concentrations (Knight et al. 2008). There was also a decrease in the number of 
transitional days, or frontal passages. A higher frequency of warm and moist air masses 
in the contiguous United States was apparent over the last half-century (Knight et al. 
2008). 
Atmospheric circulation leading to decreased precipitation also needs to be 
considered. Spatial and temporal patterns of precipitation deficits in areas of the 
Midwest and Great Plains of North America have been explained by the increased 
occurrence of air masses originating in the Pacific Ocean (Booth et al. 2006). The air 
masses have very low humidity and, combined with a westerly flow pattern, can block 
moisture transport into the continental interior from the Gulf of Mexico. Strong July 
westerlies can cause decreased precipitation in an area from the northern Rocky 
Mountains to the Midwest. Increased precipitation occurs in the southeast. Circulation 
features that are responsible for the increased precipitation in the southeast United 
States include stronger trade winds and increased southerly flow (Booth et al. 2006). 
 A better understanding of the meteorological causes of floods in the Devils 
Lake Basin could contribute greatly to the debate over the relative contributions of  
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climatological factors and anthropogenic changes in drainage basin hydrology to the 





DATA AND METHODS 
3.1 Water Surface Elevation Data 
The research null hypothesis is that there is no long-term trend in the frequency 
of occurrence of circulation anomalies over the study period, and that there is no 
relationship between the frequency of occurrence of circulation anomalies and long-
term increases or decreases in the WSE. To test this hypothesis, a subset of years with 
large and small changes in WSE are identified.  
The water years selected for analysis were identified by calculating the surge 
and drawdown from daily WSE data over the study period. The gauge is maintained in 
cooperation with the North Dakota State Water Commission and the data are managed 
through the Grand Forks, ND USGS office. 
 The USGS started taking infrequent measurements of the lake in 1867. From 
about the early 1900s to 1931 yearly measurements of lake elevation were collected. 
During a short period from 1931 to 1933, monthly elevations were recorded. Starting in 
1933, daily water surface elevations of Devils Lake were obtained. Daily observations 
are still collected today (Figure 6). 
The daily gauge height data was downloaded for the years 1965 to 2010. A 
permanent gauge, located on Creel Bay, was not installed on the lake until 1965, and a 
significant amount of data before this date were either missing or incorrect. The USGS 
gauge that was located on the southeast shore of Creel Bay was relocated 2.5 miles 
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(4.02 km) to the north on April 1
st
 2005 because of the increasing lake levels (Figure 6). 
There is still missing data throughout the 46-year time span from 1965 to 2010, but the 
USGS dataset is the most complete record of gauge heights. 
 
Figure 6. Observed record of water surface elevation (ft) at Devils Lake, North Dakota 
with elevation measurement history. Source: USGS 2011. 
 
The gauge heights were entered into a spreadsheet in order to calculate WSE in 
feet above sea level. Gauge height is based upon the reference datum of the gauge that 
collected the data; this is also referred to as stage. The USGS uses 1,400 ft (426.7 m) 
referenced to NGVD29 for their gauge zero datum. To covert gauge height 
observations into a final series of water surface elevation above sea level, the heights 
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must be added to the datum of the gauge. The gauge datum is the height of the gauge 
above sea level. 
The daily WSE data were organized and the Day of Year (DOY) of each 
observation was assigned. The Julian date assigns a number to each day of the calendar 
year, from one to 365. A DOY of one would be the first of January within a specific 
calendar year, a DOY of 22 would be the 22
nd
 of January, and a DOY of 365 or 366 
(leap years) would be the 31
st
 of December. The height and DOY of the minimum fall 
WSE (September through November) and the height and DOY of the maximum spring 
WSE (March through May) were determined to calculate the value and DOY duration 
of the surge and drawdowns for each water year in the observation period.  
A water year is used in hydrologic studies so that a single winter season is 
included in a single year of study, rather than being split between two different  
calendar years. A water year starts on October 1
st
 and ends on September 30
th
 of the 
following year. Water year 2008 would therefore go from 1 October 2007 through 30 
September of 2008. 
A drawdown is the decrease in WSE from spring to fall of the same calendar 
year. The drawdown is calculated by subtracting the maximum spring WSE from the 
minimum fall WSE of the same calendar year (Figure 7). This results in a negative 
value for the normal situation in which water surface elevation decreases due to 
evaporation during the summer. When the fall minimum WSE is higher than the spring 
maximum WSE the drawdown value will be positive, which is an infrequent 




Surge is defined as the increase in WSE from the previous fall to the following 
spring and is calculated by taking the maximum spring WSE and subtracting the 
minimum fall WSE. A surge is positive, which is the normal occurrence, when the 
maximum spring WSE is higher than the previous fall minimum WSE (Figure 7). A 
surge is negative, which is a very rare situation, when the previous fall minimum WSE 
is higher than the following spring maximum WSE.  
 
Figure 7. Daily WSE from September 1992 to December 1993 with minimum fall and 
maximum spring WSE elevations used in calculating surge and drawdown. 1993 is an 
example of a positive surge year as well as a positive drawdown year. 
 
In a normal situation, the WSE increases from fall to spring, and decreases from 
spring to fall. On infrequent occasions, the WSE decreases from fall to spring, and 
increases from spring to fall. 
Once this time series of surge and drawdown values was completed, the water 
years of the five smallest and largest drawdowns, and the water years of the five 
smallest and largest surges were selected (Table 3). The five smallest drawdown values 
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were all positive values, indicating an increase in WSE. The five largest drawdown 
values were all negative values, indicating a decrease in WSE. The years of largest and 
smallest surge values were all positive. 
Table 3  
 




         Selected Water Years 
 
Smallest Drawdown (positive) 1993, 1969, 1974, 1971, 1970 
Largest Drawdown (negative) 2006, 1976, 1988, 1972, 1967 
Smallest Surge 1988, 1990, 1973, 2000, 1980 
Largest Surge 1995, 1997, 1979, 2009, 1969 
 
 
3.2 Spatial Synoptic Classification Dataset  
  The SSC2 dataset was downloaded from the Spatial Synoptic Classification 
website (http://sheridan.geog.kent.edu/ssc.html) maintained by Scott Sheridan at Kent 
State University. Daily data were downloaded from 1965 to 2010 for the Fargo, ND 
and Bismarck, ND stations. Minot, ND would have been preferred, but the dataset for 
that station contained a large number of missing values, which presented significant 
data limitations. 
 The data were organized into a spreadsheet. Each weather type is represented by 
a number (Table 4). Weather types 66 and 67 (Moist Tropical Plus and Moist Tropical 
Double Plus) were combined with type 6 (Moist Tropical) because there were so few of 
them in the dataset for both stations. All the missing values (type 8) were removed for 
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each station. Fargo had a total of 41 missing days in the 46-year time span, which was 
0.3% of the whole dataset. Bismarck had 399 missing days, which accounted for 2.4% 
of the whole dataset. The missing values, numerical code 8, were removed from the 
Bismarck and Fargo datasets prior to performing the Chi-Square analysis. 
Table 4  
Numerical Codes and their Associated Weather Type in the SSC Dataset 
             Number Code Weather Type 
1 Dry Moderate 
2 Dry Polar 
3 Dry Tropical 
4 Moist Moderate 
5 Moist Polar 
6 Moist Tropical 
66 Moist Tropical Plus 
67 Moist Tropical Double Plus 
7 Transitional 
8 Day is missing 
 
 Using the IBM Statistical Package for the Social Sciences (SPSS) statistical 
software, the frequency of each weather type for every water year (1966-2010), warm 
season 1965-2010 (May through September), and cold season 1966-2010 (November 
through March) was calculated. Weather type frequencies for the 45 water years, 46 
warm seasons, and 45 cold seasons were also determined. 
The selected months for the warm and cold season represent what is typically 
experienced in east and east central North Dakota. The area commonly receives snow  
through March. Only one month of transition between warm and cold seasons, April 




 The frequencies of each weather type within the water years and warm and cold 
seasons were used to calculate the Spearman’s Rho coefficient of correlation using the 
bivariate correlation option in SPSS. The Spearman’s Rho coefficient is used to 
calculate the strength between two datasets, in this case the year and weather type 
frequencies. As the year increases from 1965 to 2010, the weather type frequencies will 
increase, decrease, or display no significant trend.  
The year 2007 had to be removed from the datasets since it only contained data 
for the month of December, which would have skewed the results for the 46-year time 
period. Spearman’s Rho was calculated to see if any weather type had a significant 
increase or decrease in frequency over the water year, warm season, and cold season 
time-period from 1965 to 2010. The null hypothesis was that there is no statistically 
significant trend in the dataset, using a 0.05 level of significance. 
 A Chi-Square test was performed on the cold season months for the five years 
with the largest and smallest surges, and warm season months for the five years with 
the largest and smallest drawdowns. Selected years with a large drawdown or small 
surge in WSE should contain a higher frequency of drier weather types, and fewer 
occurrences of humid and transitional weather types. Years with a large surge or small 
drawdown in WSE should have a higher frequency of humid and transitional weather 
types, and fewer occurrences of dry weather types. 
Expected values were calculated for the cold and warm seasons by taking the 
frequency of each weather type in the warm and cold season over the 46-year time 
span. The frequency of each weather type was divided by the total count of all the 
weather types in the dataset combined; that value was then multiplied by the number of 
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days in each season. The cold season normally has 151 days (some years had 152 due 
to leap year), and the warm season has 153 days. Since some years had days with 
missing weather type classifications, different expected values were calculated using 
the total number of days in the specific warm or cold season with the missing data. 
These expected values were entered into SPSS for the analysis. 
The Chi-Square test was used to compare the observed frequencies of weather 
types in each season for the selected large/small surge/drawdown years, to the expected 
frequency of each weather type for each season. SPSS was used to perform the Chi-
Square tests; this produced a frequency table and a Chi-Square test statistic (χ
2
).  
The null hypothesis was that the observed frequencies of the individual weather 
types within the large and small surge and drawdown years match the expected 
frequency of occurrence for each weather type within either a warm or cold season for 
the entire period of record.  
The 0.05 significance level was used. A χ
2 
larger than 0.05 does not lead to 
rejection of the null hypothesis. A χ
2 
less than 0.05 leads to rejection of the null 
hypothesis, indicating that the observed frequencies differ significantly from the 
expected values. The χ
2
 statistic is calculated as follows: 
χ
2
 = (Observed – Expected)
 2
/ Expected 
The larger the Chi-Square statistic, the greater is the difference between the expected 
and observed frequencies. 
3.3 NCEP/NCAR Reanalysis  
 The NCEP/NCAR Reanalysis dataset provides a separate and independent test 
of the same hypothesis regarding the similarity or difference of the atmospheric 
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circulation patterns for the five years of largest and smallest surges and drawdowns in 
Devils Lake. 
The precipitable water and 700 mb (hPa) geopotential height Reanalysis data 
sets were downloaded from The International Research Institute for Climate and 
Society (IRI) online data library. The NCEP/NCAR Reanalysis datasets are found 
under the National Oceanic and Atmospheric Administration’s data catalog. Monthly 
data was obtained for the cold and warm seasons specified by the selected years of 
surge and drawdown discussed in section 3.1. 
Precipitable water (precipitable water vapor) is defined as, 
“The total atmospheric water vapor contained in a vertical column of unit cross-
sectional area extending between any two specified levels, commonly expressed 
in terms of the height to which that water substance would stand if completely 
condensed and collected in a vessel of the same unit” (Glickman 2000). 
Overall, there is a general correlation between measured precipitation amount in any 
given storm and the precipitable water vapor of the air mass involved with the storm  
(Glickman 2000). The 700 mb (hPa) geopotential height layer is commonly used in 
long-range forecasting, and studies show it to be directly associated with precipitation 
amount (Weare and Hoeschele 1983). Klinck (1985) and Cayan and Roads (1984) used  
the 700 mb (hPa) geopotential height fields to show the relationship between large-
scale atmospheric circulation and precipitation amount. 
 Using the IRI (International Research Institute for Climate and Society) online 
data library and data selection tool, the data sets were reduced down to 125 to 65 





reduction was necessary to make the data more manageable. The data was plotted on a 







Figure 8. Extent of the downloaded 2.5 degree gridded data showing the location of the 
USGS gauge on North Creel Bay (red triangle). 
The data was imported into a spreadsheet, and average values of precipitable 
water and 700 mb (hPa) geopotential heights for each grid point for the five-month 
warm and cold seasons were calculated.  Final spreadsheets of the warm and cold 
season averages from the selected surge and drawdown years were imported into 
ArcMap 10 for Kriging. 
 Once all the spreadsheets were imported into ArcMap the X and Y coordinates 
were displayed and then exported in order to create a new feature class. A basemap of 
the contiguous 48 states was added from the ArcGIS data library. A shapefile was 
created using the coordinates of the USGS gauge located at North Creel Bay in Devils 
Lake (red triangle in Figure 8). All data layers were projected into GCS North 
American 1983. 
The precipitable water content (kg/m
2
) and 700 mb (hPa) geopotential heights 
(gpm) datasets were interpolated using ordinary Kriging. Kriging is the interpolation of 
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values across a specific surface using the data values that surround a specific 
unmeasured point (Bohling 2005).  
The Geostatistical wizard tool within the Geostatistical Analyst menu in 
ArcMap was used to perform the Kriging operation (Figure 9). Ordinary Kriging is the 
most commonly used form of Kriging. Since the data are on a 2.5 degree grid, all of the 
other Kriging types yielded similar results. 
 
Figure 9. Geostatistical Wizard Kriging Window in ArcMap 10. 
All of the preferences were left as default within the ordinary Kriging wizard. 
The data was easily interpolated due to the 2.5 degree grid of the data points. The cold 
season average for the five selected  years of largest and smallest surges was calculated 
for both datasets. The warm season average was similarly calculated for years with the 
five largest and smallest drawdowns. 
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 Forty interpolated maps were created; 20 maps for the years with the largest and 
smallest surges and drawdown using precipitable water, and 20 using 700 mb (hPa) 
geopotential height. The identify tool in ArcMap was used to obtain the interpolated 
value at the USGS gauge location in each map (red triangle on Figure 8). All values 
were recorded in the spreadsheet, and averages were then calculated within each five 
year set of largest and smallest surges and drawdowns. Eight maps, four for 
precipitable water and four maps for 700 mb (hPa) geopotential height, were made 




RESULTS AND DISCUSSION 
4.1 Surge and Drawdown Day of Year Analysis 
The average DOY for the maximum spring water surface elevation is 135.5, or 
calendar day May 15, and a median of 144 (May 24). The average DOY for the 
minimum fall water surface elevation is 302.9 (October 29), and median of 311 
(November 7) (Table 5). 
Table 5  
Average Day of Year, Median Day of Year, and Standard Deviations of Maximum 
Spring WSE and Minimum Fall WSE, 1965-2010, (N=46) 
Average Max Spring Day of Year:         135.5 
  Standard Deviation: 17.6 
 Median: 144 
     
Average Min Fall Day of Year: 302.9 
  Standard Deviation: 26.0 
 Median: 311 
 
The tables that follow show the DOY and the DOY duration of the five largest 
and smallest surges, and the five largest (negative) and smallest (positive) drawdowns. 
The largest drawdowns are referred to as negative and are associated with a decrease in 
WSE. This nomenclature is followed because there is normally a decrease in water 
surface elevation from spring to fall. The smallest drawdowns are referred to as 
positive, and are associated with an increase in WSE. In this case the water surface
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 elevation actually increases from spring to fall, which is the abnormal situation. All of 
the five selected smallest drawdowns are positive, meaning that the water surface 
elevation increased from spring to fall. The largest positive drawdown occurred in 
1993, when Devils Lake increased by 3.14 ft (0.96 m) from spring to the following fall. 
The water year (October 1 to September 30) runs from DOY 274 to DOY 273 
of the following year. The year of the largest surge (1969) has a minimum fall WSE 
that actually begins before October 1, and therefore crosses two water years (Table 5). 
Selected drawdown years will also cross two separate water years if the minimum fall 
water surface elevation occurs after 30 September, or DOY 273. This occurs for years 
1974 and 1970 for the smallest (negative) drawdown, and for all of the years with the 
largest (positive) drawdowns (Tables 6 and 7). The five years with the smallest surges 
are shown in Table 8, and the five years with the largest surges are in Table 9. 
Table 6 
 




























1993 129 1423.19 244 1426.33 3.14 115 
1969 149 1414.57 247 1416.57 2.00 98 
1974 151 1422.1 304 1422.75 0.65 153 
1971 148 1420.14 244 1420.74 0.60 96 




Table 7  
 


























2006 129 1449.2 331 1446.9 -2.30 202 
1976 148 1424.86 333 1422.73 -2.13 185 
1988   85 1427.91 319 1425.9 -2.01 234 
1972 148 1422.26 300 1420.43 -1.83 152 
1967 137 1412.85 321 1411.07 -1.78 184 
 
Table 8  
 



























1988   85 1427.91 319 1427.87 0.04 234 
1990 118 1424.82 329 1424.71 0.11 211 
1973   91 1420.60 322 1420.43 0.17 231 
2000   96 1446.36 285 1446.15 0.21 189 
1980 121 1426.05 287 1425.84 0.21 166 
 
The maximum spring water surface elevations have a median DOY of 144 or 24 
May (Figure 10). For the minimum fall water surface elevation, the median DOY is 
311, or 7 November (Figure 11). Most of the surge values are between 0 to 2 ft asl 
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(Figure 12), and most of the drawdown values are less than 0.0 ft asl (Figure 13). Refer 
to Appendix A (Table 1) for the complete period of record for all of the calculated 
surge and drawdowns from 1965 to 2010. 
Table 9  
 



























1995 151 1435.26 299 1430.31 4.95 148 
1997 151 1442.03 283 1437.36 4.67 132 
1979 150 1426.47 311 1421.99 4.48 161 
2009 149 1450.44 322 1446.37 4.07 173 
1969 149 1414.57 247 1410.68 3.89   98 
 
There are some missing daily water surface elevation measurements throughout 
the full period of record from 1965 to 2010. The dataset used in this study from the  
U.S. Geological Survey and North Dakota State Water Commission is the most 































Figure 10. Histogram of the frequency distribution of the Day of Year of maximum 
























Figure 11. Histogram of the frequency distribution of the Day of Year of minimum fall 









Figure 12. Histogram of the frequency distribution of the surge values, 1966-2010 (N = 
45). Average of 1.59, and standard deviation of 1.35. 
 
 






Figure 13. Histogram of the frequency distribution of the drawdown values, 1965-2010 





4.2. Trend Analysis of the SSC Weather Types 
The frequency of the seven SSC weather types were analyzed by water year, 
warm season, and cold season at the Fargo and Bismarck stations to determine if there 
had been a change in their relative frequencies over time. The Spearman’s Rho 
coefficient was calculated in order to identify any trends in the data. The Spearman’s 
Rho coefficient compares the relationship between two different variables (year and 
weather type frequency). The null hypothesis assumes that there is no trend in the 
frequency of the specific weather types over the 45 year (water year and cold season) or 
46 year (warm season) period. Rejection of the null hypothesis means that a statistically 
significant trend over time is present in the data. The closer the Spearman’s Rho 
coefficient is to 1 or -1, the stronger the positive (increasing frequency) or negative 
(decreasing frequency) trend. The 0.05 probability was assumed as the level of 
significance. 
The graphs show the frequency of each specific weather type within a water 
year, warm season, or cold season over the period of record. There are 365 days in a 
water year, 153 days in the warm season (May-September), and 151 days in the cold 
season (November-March). 
4.2.1 Trend Analysis of the SSC Weather Types at Fargo 
For the Fargo station, the frequency ofor the Dry Moderate weather type show a 
statistically significant increase over time for the water year (Figure 14) and cold 
season (Figure 15). The Transitional weather type shows a statistically significant 














































































































statistically significant trends are present in the frequencies of the other weather types 
(Table 10). For the warm season analysis, only the Dry Moderate weather type (Figure 
18) shows a statistically significant trend. 
 
 
Figure 14. The frequency of the Dry Moderate weather type for water years 1966 to 





Figure 15. The frequency of the Dry Moderate weather type for cold seasons 1966 to 



































































































































































































































































































































Figure 16. The frequency of the Transitional weather type for water years 1966 to 











Figure 17. The frequency of the Transitional weather type for cold seasons 1966 to 





















































































































Figure 18. The frequency of the Dry Moderate weather type for warm seasons 1965 to 
2010. The trend line has a Spearman's Rho coefficient of 0.343 (0.021 level of 
significance). 
 
Table 10  
 
Summary of Spearman’s Rho Coefficient (R) Results of the SSC Weather Types for the 
Frequencies Over Time at the Fargo SSC Station. Correlations at the 0.05 Level of 


















      
R 0.479 -0.217 0.126 0.052 -0.211 0.122 -0.419 
P 0.001  0.162 0.422 0.740  0.174 0.437   0.005 
 
cold season       
R 0.305 -0.153 -0.016 0.098 -0.035 0.123 -0.434 
P 0.044  0.323  0.920 0.528  0.819 0.427   0.003 
 
warm season       
R 0.343 -0.237 -0.070 -0.079 -0.233 0.234 -0.258 
















































































































4.2.2 Trend Analysis of the SSC Weather Types at Bismarck 
  Results from the water year analysis of the Bismarck SSC station show a 
statistically significant increase in the frequency of the Moist Tropical (Figure 19) and 
Dry Moderate (Figure 20) weather types, and statistically significant decreases in the 
Transitional (Figure 21) and Dry Polar (Figure 22) weather type frequencies from 1966 
to 2010. Similar trends are present in the warm season dataset from 1965 to 2010 
(Figures 23- 26). For the cold season weather type frequencies, only the Dry Polar 
weather type show a statistically significant decrease (Figure 27). The Spearman’s Rho 
Correlation Coefficients and P-values for the Bismarck station are summarized in Table 
11 for all weather types. Figures for the remaining weather types at Fargo and 
Bismarck that show no statistically significant trend are included in Appendix B. 
 
Figure 19. The frequency of the Moist Tropical weather type for water years 1966 to 



























































































































































































































Figure 20. The frequency of the Dry Moderate weather type for water years  1966 to 




Figure 21. The frequency of the Transitional weather type for water years 1966 to 2010. 































































































































































































































Figure 22. The frequency of the Dry Polar weather type for water years 1966 to 2010. 
The trend line has a Spearman's Rho coefficient of -0.490 (0.001 level of significance). 
 
 
Figure 23. The frequency of the Moist Tropical weather type for warm seasons 1965 to 





































































































































































































































Figure 24. The frequency of the Dry Moderate weather type for warm seasons 1965 to 




Figure 25. The frequency of the Transitional weather type for warm seasons  1965 to 



































































































































































































































Figure 26. The frequency of the Dry Polar weather type for warm seasons 1965 to 




Figure 27. The frequency of the Dry Polar weather type for cold seasons 1966 to 2010. 







Summary of Spearman’s Rho Coefficient (R) Results of the SSC Weather Types for the 
Frequencies Over Time at the Bismarck SSC Station. Correlations at the 0.05 Level of 


















      


















      
R 0.285 -0.38  0.083  0.1  0.061 -0.051 -0.271 
P 0.061  0.011  0.594  0.518  0.693  0.742  0.075 
 
warm season       
R 0.373 -0.433 -0.153 -0.07 -0.179  0.383 -0.336 
P 0.012  0.003  0.315  0.646  0.24  0.009   0.024 
 
 The year 2007 was removed from the analysis due to the amount of missing 
data; it only contained the month of December for both the Fargo and Bismarck 
stations. 
 Overall, Bismarck has the highest number of weather types with statistically 
significant trends over time. The increase in Moist Tropical weather type frequencies 
and the decrease in Dry Polar weather type frequencies are consistent with an increase 
in the amount of regional precipitation during the water year and warm seasons. This is 
somewhat offset by the decrease in Transitional and increase in Dry Moderate weather 
type frequencies. The cold season analysis only showed a significant decrease in the 
frequency of Dry Polar weather types, which could have been linked to increased 




4.3 Chi-Square Analysis of Weather Types 
 The years for the five smallest drawdowns and surges and the five largest 
drawdowns and surges selected from the 1965-2010 time period were used in the Chi-
Square analysis to compare the expected and observed frequencies of the various SSC 
weather types between the subset of years and the entire study period. The warm season 
months of May through September were used for the drawdown SSC analysis, and the 
cold season months of November through March for the surge analysis. The null 
hypothesis for each Chi-Square test is that the observed frequencies for the selected 
years are the same as the expected frequencies for the warm or cold seasons. The larger 
the Chi-Square statistic, the greater the difference is between the observed and expected 
values. The 0.05 level of significance was used for the tests. 
 Using the expected frequencies determined from the total counts of each 
weather type during the warm or cold season period of record, the Chi-Square test was 
performed for the Fargo and Bismarck SSC stations. The tables summarizing the Chi-
Square statistic are organized by warm or cold season year, and by with the five largest 
or smallest surges and five largest or smallest drawdowns. 
4.3.1 Fargo Chi-Square Analysis 
The Chi-Square statistic from the Fargo station for the small drawdown set of 
years show the acceptance of the null hypothesis at the 0.05 significance level for the 
warm seasons of 1969 and 1970 (Table 12). The null hypothesis was not accepted for 
the warm seasons of 1971, 1974, and 1993. The years with the five largest drawdowns 
at Fargo lead to acceptance of the null hypothesis for only the warm season of 1972. 
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Years 1967, 1976, 1988, and 2006 all lead to rejection of the null hypothesis (Table 
13). 
Table 12  
Chi-Square Statistics for the Five Years with the Smallest Drawdowns at Fargo. Bold 
Values Lead to the Rejection of the Null Hypothesis at the 0.05 Level of Significance 
 1969     1970     1971      1974    1993 
Chi-Square 9.181 6.780 13.409 20.888 24.899 
Degrees of Freedom 6    6     6     6       6 
Significance 0.164 0.342 <0.001 <0.001 <0.001 
 
 The years for the five smallest surges showed acceptance of the null hypothesis 
for the year 1988, but rejection of the null hypothesis for the cold season years of 1973, 
1980, 1990, and 2000 (Table 14). Cold season years for the five largest surges show 
acceptance of the null hypothesis for 1995 and 2009. Years 1969, 1979, and 1997 do  
not match the expected frequencies and lead to rejection of the null hypothesis (Table 
15). 
Table 13  
Chi-Square Statistics for the Five Years with the Largest Drawdowns at Fargo. Bold 
Values Lead to the Rejection of the Null Hypothesis at the 0.05 Level of Significance 
 1967 1972 1976 1988 2006 
Chi-Square 25.175 3.221 180.718 105.221 33.760 
Degrees of Freedom      6 6      6      6          6 





Chi-Square Statistics for the Five Years with the Smallest Surges at Fargo. Bold Values 
Lead to the Rejection of the Null Hypothesis at the 0.05 Level of Significance 
 1973 1980 1988 1990 2000 
Chi-Square 28.090 13.373 9.156 21.611 108.008 
Degrees of Freedom 
 
    4       4    4      5      6 
Significance <0.001 <0.001 0.057 <0.001 <0.001 
 
Table 15 
Chi-Square Statistics for the Five Years with the Largest Surges at Fargo. Bold Values 
Lead to the Rejection of the Null Hypothesis at the 0.05 Level of Significance 
   1969      1979   1995     1997    2009 
Chi-Square 18.923 33.408 6.043 13.449 2.336 
Degrees of Freedom 
 
    4       5    6      4    5 
Significance 0.001 <0.001 0.418 0.009 0.801 
 
 The individual results that compare the observed and expected frequencies for 
each of the years that lead to rejection of the null hypothesis are shown in Tables 16 
through 29 for Fargo. The residual values are the difference between the observed and 
expected frequencies. A negative value indicates a lower observed total than the 
expected value. A positive residual value indicates a higher observed total than the 
expected value. The tables that show the results for the years that accept the null 





Table 16  
Observed and Expected Frequencies of SSC Weather Types at Fargo during the Warm 
Season of 1993, One of the Five Smallest Drawdown Years 
Weather Type Observed N Expected N Residual 
Dry Moderate 23 45 -22 
Dry Polar 40 29 11 
Dry Tropical   5   8  -3 
Moist Moderate 23 16   7 
Moist Polar 22 14   8 
Moist Tropical 17 21 -4 
Transitional 23 20   3 
Total 153   
 
Table 17  
Observed and Expected Frequencies of SSC Weather Types at Fargo during the Warm 
Season of 1974, One of the Five Smallest Drawdown Years 
Weather Type Observed N Expected N Residual 
Dry Moderate 33 45 -12 
Dry Polar 46 29 17 
Dry Tropical   3   8 -5 
Moist Moderate 14 16 -2 
Moist Polar 21 14  7 
Moist Tropical 20 21 -1 
Transitional 16 20 -4 
Total 153   
 
Table 18  
Observed and Expected Frequencies of SSC Weather Types at Fargo during the Warm 
Season of 1971, One of the Five Smallest Drawdown Years 
Weather Type Observed N Expected N Residual 
Dry Moderate 32 45 -13 
Dry Polar 39 29 10 
Dry Tropical   4   8 -4 
Moist Moderate 22 16  6 
Moist Polar 10 14 -4 
Moist Tropical 25 21  4 
Transitional 21 20  1 
Total 153   
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Table 19  
Observed and Expected Frequencies of SSC Weather Types at Fargo during the Warm 
Season of 2006, One of the Five Largest Drawdown Years 
Weather Type    Observed N Expected N Residual 
Dry Moderate 71 45   26 
Dry Polar 16 29 -13 
Dry Tropical 10   8    2 
Moist Moderate 11 16  -5 
Moist Polar 13 14  -1 
Moist Tropical 25 21   4 
Transitional  6 20 -14 
Total 152   
 
Table 20  
 
Observed and Expected Frequencies of SSC Weather Types at Fargo during the Warm 
Season of 1976, One of the Five Largest Drawdown Years 
Weather Type Observed N Expected N Residual 
Dry Moderate 47 45 2 
Dry Polar 24 29 -5 
Dry Tropical 44  8 36 
Moist Moderate   7 16 -9 
Moist Polar   4 14 -10 
Moist Tropical 11 21 -10 
Transitional 16 20 -4 
Total 153   
 
Table 21 
Observed and Expected Frequencies of SSC Weather Types at Fargo during the Warm 
Season of 1988, One of the Five Largest Drawdown Years 
Weather Type Observed N Expected N Residual 
Dry Moderate 43 45 -2 
Dry Polar 9 29 -20 
Dry Tropical 34 8 26 
Moist Moderate 9 16 -7 
Moist Polar 9 14 -5 
Moist Tropical 23 21 2 
Transitional 26 20 6 
Total 153   
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Table 22  
Observed and Expected Frequencies of SSC Weather Types at Fargo during the Warm 
Season on 1967, One of the Five Largest Drawdown Years 
Weather Type Observed N Expected N Residual 
Dry Moderate 64 45 19 
Dry Polar 33 29   4 
Dry Tropical   3   8 -5 
Moist Polar 16 14 2 
Moist Tropical   5 21 -16 
Transitional 20 20 0 
Total            153   
 
Table 23  
 
Observed and Expected Frequencies of SSC Weather Types at Fargo during the Cold 
Season of 1990, One of the Five Smallest Surge Years 
Weather Type Observed N Expected N Residual 
Dry Moderate   27 19   8 
Dry Polar   47 59 -12 
Moist Moderate   14 16   -2 
Moist Polar   23 33 -10 
Moist Tropical     3   1    2 
Transitional   37 23  14 




Observed and Expected Frequencies of SSC Weather Types at Fargo during the Cold 
Season of 1973, One of the Five Smallest Surge Years 
 
Weather Type Observed N Expected N Residual 
Dry  Moderate   10 19  -9 
Dry Polar   50 59  -9 
Moist Moderate   33 16 17 
Moist Polar   42 33   9 
Transitional  16 23 -7 





Table 25  
Observed and Expected Frequencies of SSC Weather Types at Fargo during the Cold 
Season of 2000, One of the Five Smallest Surge Years 
Weather Type Observed N Expected N Residual 
Dry Moderate 58 19 39 
Dry Polar 49 59 -10 
Dry Tropical   2   1   1 
Moist Moderate 12 16 -4 
Moist Polar 11 32 -21 
Moist Tropical   3   1   2 
Transitional 14 23 -9 
Total 149   
 
Table 26   
Observed and Expected Frequencies of SSC Weather Types at Fargo for the Cold 
Season of 1980, One of the Five Smallest Surge Years 
Weather Type Observed N Expected N Residual 
Dry Moderate 8 19 -11 
Dry Polar 56 59 -4 
Moist Moderate 13 16 -3 
Moist Polar 45 33 12 
Transitional 30 23 7 
Total 152   
 
Table 27  
Observed and Expected Frequencies of SSC Weather Types at Fargo for the Cold 
Season of 1997, One of the Five Largest Surge Years 
Weather Type Observed N Expected N Residual 
Dry Moderate   8 19 -11 
Dry Polar 73 59 14 
Moist Moderate   9 16  -7 
Moist Polar 33 33   0 
Transitional            27          23               4 




Observed and Expected Frequencies of SSC Weather Types at Fargo for the Cold 
Season of 1979, One of the Five Largest Surge Years 
Weather Type Observed N Expected N Residual 
Dry Moderate     9 19 -10 
Dry Polar   79 59  20 
Dry Tropical     3   1   2 
Moist 
Moderate 
    3 16 -13 
Moist Polar   24 33  -9 
Transitional   33 23 10 
Total 151   
 
Table 29 
Observed and Expected Frequencies of the SSC Weather Types at Fargo for the Cold 
Season of 1969, One of the Five Largest Surge Years 
Weather Type Observed N Expected N Residual 
Dry Moderate 6 19 -13 
Dry Polar 67 59   8 
Moist Moderate 11 16 -5 
Moist Polar 48 33 15 
Transitional 19 23 -4 
Total 151   
 
4.3.2 Bismarck Chi-Square Analysis 
The Chi-Square test for the smallest drawdown years at the Bismarck SSC 
station lead to acceptance of the null hypothesis for the warm season years of 1969, 
1970, and 1971. Years 1974 and 1993 for the smallest drawdown lead to rejection of 




2006 all lead to rejection of the null hypothesis. The year 1972 was the only large 
drawdown year for which the null hypothesis was accepted (Table 31). 
 The years with the smallest surge lead to rejection of the null hypothesis for 
years 1973, 1980, 1990, and 2000. Year 1988 was the only year in which the null 
hypothesis was accepted (Table 32). The largest surge years show rejection of the null 
hypothesis for years 1969, 1979, 1995, and 1997 (Table 33). Only the year 2009 
affirmed the null hypothesis. 
Table 30  
 
Chi-Square Statistics for the Five Years with the Smallest Drawdowns at Bismarck. 
Bold Values Lead to the Rejection of the Null Hypothesis at the 0.05 Level of 
Significance 
 
 1969 1970 1971 1974 1993 




6 6 6   6   6 
Significance 0.335 0.320 0.600 <0.001 <0.001 
 
Table 31  
 
Chi-Square Statistics for the Five Years with the Largest Drawdowns at Bismarck. 
Bold Values Lead to the Rejection of the Null Hypothesis at the 0.05 Level of 
Significance 
 
 1967 1972 1976 1988 2006 




6 6   6   6   6 




Table 32  
Chi-Square Statistics for the Five Years with the Smallest Surges at Bismarck. Bold 
Values Lead to the Rejection of the Null Hypothesis at the 0.05 Level of Significance 
 1973 1980 1988 1990 2000 




  4   5 4   6   6 
Significance <0.001 <0.001 0.259 <0.001 <0.001 
 
Table 33  
 
Chi-Square Statistics for the Five Years with the Largest Surges at Bismarck. Bold 
Values Lead to the Rejection of the Null Hypothesis at the 0.05 Level of Significance 
 
 1969 1979 1995 1997 2009 




  4   5   4   4 4 
Significance <0.001 <0.001 <0.001 <0.001 0.473 
 
Tables 34-47 contain the individual observed frequencies of the weather types 
for the years for which the null hypothesis at the Bismarck SSC was accepted. The 
residual value indicates the difference between the observed and expected totals. The 
corresponding tables for the years for which the null hypothesis was accepted are in 
Appendix C. 
Table 34  
Observed and Expected Frequencies of SSC Weather Types at Bismarck during the 
Warm Season of 1993, One of the Five Smallest Drawdown Years 
Weather Type Observed N Expected N Residual 
Dry Moderate 36 55 -19 
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Table 34   (continued) 
 
  
Weather Type Observed N Expected N Residual 
Dry Polar   48 27 21 
Dry Tropical    4 12 -8 
Moist Moderate   15 12   3 
Moist Polar   28 15 13 
Moist Tropical   12 15 -3 
Transitional   10 16 -6 




Observed and Expected Frequencies of SSC Weather Types at Bismarck during the 
Warm Season of 1974, One of the Five Smallest Drawdown Years 
 
Weather Type Observed N Expected N Residual 
Dry Moderate   50 55  -5 
Dry Polar   43 27 16 
Dry Tropical   11 12  -1 
Moist Moderate     6 12  -6 
Moist Polar   21 15   6 
Moist Tropical     6 15  -9 
Transitional   16 16  0 
Total 153   
 
Table 36  
 
Observed and Expected Frequencies of SSC Weather Types at Bismarck during the 
Warm Season of 2006, One of the Five Largest Drawdown Years 
 
Weather Type Observed N Expected N Residual 
Dry Moderate   61 54   7 
Dry Polar   15 27 -12 
Dry Tropical   32 12  20 
Moist Moderate    4 12  -8 
Moist Polar   13 15  -2 
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Table 36  (continued) 
    
Weather Type Observed N Expected N Residual 
Moist Tropical   12 15 -3 
Transitional   13 16 -3 
Total 150   
 
Table 37  
Observed and Expected Frequencies of SSC Weather Types at Bismarck during the 
Warm Season of 1976, One of the Five Largest Drawdown Years 
Weather Type Observed N Expected N Residual 
Dry Moderate   63 55  8 
Dry Polar   25 27 -2 
Dry Tropical   22 12 10 
Moist Moderate     4 12  -8 
Moist Polar     4 15 -11 
Moist Tropical   17 15     2 
Transitional   18 16     2 
Total 153   
 
Table 38  
 
Observed and Expected Frequencies of SSC Weather Types at Bismarck during the 
Warm Season of 1988, One of the Five Largest Drawdown Years 
 
Weather Type Observed N Expected N Residual 
Dry Moderate   49 55   -6 
Dry Polar     8 27 -19 
Dry Tropical   36 12 24 
Moist Moderate   10 12  -2 
Moist Polar   14 15  -1 
Moist Tropical   13 15  -2 
Transitional   23 16   7 




Table 39  
 
Observed and Expected Frequencies of SSC Weather Types at Bismarck during the 
Warm Season of 1967, One of the Five Largest Drawdown Years 
 
Weather Type Observed N Expected N Residual 
Dry Moderate 55 55 0 
Dry Polar 40 27 13 
Dry Tropical 23 12 11 
Moist Moderate 8 12 -4 
Moist Polar 15 15 0 
Moist Tropical 1 15 -14 
Transitional 11 16 -5 
Total 153   
 
Table  40  
 
Observed and Expected Frequencies of SSC Weather Types at Bismarck during the 
Cold Season of 1990, One of the Smallest Surge Years 
 
Weather Type Observed N Expected N Residual 
Dry Moderate 51 36 15 
Dry Polar 38 56 -18 
Dry Tropical 1 1 0 
Moist Moderate 16 11 5 
Moist Polar 20 30 -10 
Moist Tropical 1 1 0 
Transitional 24 17 7 
Total 151   
 
Table 41  
 
Observed and Expected Frequencies of the SSC Weather Types at Bismarck during the 
Cold Season of 1973, One of the Smallest Surge Years 
 
Weather Type Observed N Expected N Residual 
Dry Moderate 40 36 4 
Dry Polar 40 56 -16 
Moist Moderate 23 11 12 
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Table 41 (continued) 
 
   
Weather Type Observed N Expected N Residual 
Transitional 9 17 -8 
Total 151   
 
Table 42  
 
Observed and Expected Frequencies of the SSC Weather Types at Bismarck during the 
Cold Season of 2000, One of the Smallest Surge Years 
 
Weather Type Observed N Expected N Residual 
Dry Moderate 71 36 35 
Dry Polar 42 56 -14 
Dry Tropical 2 1 1 
Moist Moderate 8 11 -3 
Moist Polar 18 30 -12 
Moist Tropical 1 1 0 
Transitional 10 17 -7 
Total 152   
 
Table 43  
 
Observed and Expected Frequencies of the SSC Weather Types at Bismarck during the 
Cold Season of 1980, One of the Smallest Surge Years 
 
Weather Type Observed N Expected N Residual 
Dry Moderate 24 36 -12 
Dry Polar 70 56 14 
Dry Tropical 2 1 1 
Moist Moderate 7 11 -4 
Moist Polar 27 30 -3 
Transitional 22 17 5 






Table 44  
 
Observed and Expected Frequencies of the SSC Weather Types at Bismarck during the 
Cold Season on 1995, One of the Largest Surge Years 
 
Weather Type Observed N Expected N Residual 
Dry Moderate 22 36 -14 
Dry Polar 55 56 -1 
Moist Moderate 16 11 5 
Moist Polar 49 30 19 
Transitional 9 17 -8 
Total 151   
 
Table 45  
 
Observed and Expected Frequencies of the SSC Weather Types at Bismarck during the 
Cold Season of 1997, One of the Largest Surge Years 
 
Weather Type Observed N Expected N Residual 
Dry Moderate 29 36 -7 
Dry Polar 72 56 16 
Moist Moderate 3 11 -8 
Moist Polar 31 30 1 
Transitional 16 17 -1 
Total 151   
 
Table 46  
 
Observed and Expected Frequencies of the SSC Weather Types at Bismarck during the 
Cold Season of 1979, One of the Largest Surge Years 
 
Weather Type Observed N Expected N Residual 
Dry Moderate   16 36 -20 
Dry Polar   87 56   31 
Dry Tropical     1   1     0 
Moist Moderate     1 11  -10 
Moist Polar   18 30  -12 
Transitional   28 17   11 
Total 151   
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Table 47  
 
Observed and Expected Frequencies of the SSC Weather Types at Bismarck during the 
Cold Season of 1969, One of the Largest Surge Years 
 
Weather Type Observed N Expected N Residual 
Dry Moderate 18 36 -18 
Dry Polar 79 56 23 
Moist Moderate 6 11 -5 
Moist Polar 32 30 2 
Transitional 16 17 -1 
Total 151   
 
4.3.3 Discussion of Chi-Square Results 
The SPSS software program made a small adjustment to the expected values for 
some of the years, due to missing days in the dataset. When expected values were 
calculated using the number of days in the datasets with missing days, to compare to 
the SPSS expected value adjustments, they were the same. 
Some of the cold season years for Fargo and Bismarck had missing weather 
types, most commonly the Dry Tropical and or Moist Tropical. The frequencies for 
each of these types are very small during the cold season. The expected values were 
adjusted by removing the missing types; this had no effect on the expected values for 
the other weather types present in the dataset. The SPSS program would not run the 
Chi-Square test when the observed frequency for a weather type was zero.  
 The degrees of freedom are the number of classes minus one. The degrees of 
freedom are different for some years in the cold season analysis due to missing weather 




in a specific year. This also varies between years due to missing data and, with the cold 
seasons, due to the occasional leap year. 
 When performing a Chi-Square test, no expected frequencies should be less 
than one and no more than one-fifth of the expected frequencies should be less than 
five. This was only an issue for the cold season years with the Dry Tropical and Moist 
Tropical weather types.  
 The observed frequency tables should indicate specific patterns in the data that 
are physically consistent with the observed small surges and drawdowns, and large 
surges and drawdowns. A warm season year with a small drawdown would be expected 
to have a higher number of humid and transitional weather types, and a lower number 
of dry weather types. A warm season year with a large drawdown should see a higher 
frequency of dry weather types and fewer humid and transitional weather types. A cold 
season year with a small surge would be expected to have  fewer humid and transitional 
weather types than a cold season with a large surge. Similarly, a cold season with a 
small surge should have a higher frequency of dry weather types than a season with a 
large surge. 
 For the Fargo station, all the warm seasons with a small drawdown had a lower 
frequency of Dry Tropical and Dry Moderate weather types. There were very small 
increases in the frequencies for some of the humid weather types when compared to the 
expected values. The Transitional weather type also had a small increase in frequency 
in 1993 and 1971. The warm seasons with a large drawdown had an increase in the 
frequency of the Dry Moderate and Dry Tropical weather types for most of the years. 
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Dry Polar had a lower observed total in all years except 1967, where it had an increased 
frequency of four days. The humid and transitional weather types were either close to 
the expected values or they experienced a small decrease. 
 The year with the results close to what was expected was the small surge year 
during the cold season on 1980 at Fargo (Table 26). All of the dry weather types 
showed a slight decrease, while a small increase was observed in the moist and 
transitional weather types. No days were classified as Dry Tropical or Dry Polar. The 
results for the cold season with the largest surges were very mixed. All years 
experienced a decrease in one or two of the dry weather types, with 1997 and 1969 not 
containing Dry Tropical weather type days. The Moist Tropical weather type did not 
occur in any of the large surge cold seasons. 
 The Bismarck SSC station had an increase in the observed frequency of the Dry 
Polar weather type for both warm seasons with a small drawdown, while the humid and 
transitional types showed either a small decrease or increase. This is almost opposite to 
what was expected for the small drawdown years, since there was an increase in the 
water surface elevation in Devils Lake. The observed frequencies for the warm season 
years with a large drawdown were closer to what was anticipated with slight decreases 
in the frequency of humid and transitional weather types. Some of the humid and 
transitional weather types were close to the anticipated values. The Dry Tropical 
weather types had a higher number of observed frequencies for all of the Bismarck 
large drawdown years. The cold seasons with the smallest surge did see a slight 
decrease in some of the humid weather types, with more Dry Moderate weather types 
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than expected in all years except 1980. Cold season years with the largest surge do 
contain a lower frequency of the Dry Moderate weather type across all of the five 
selected years. The results are mixed for the humid and transitional weather types; 
some have a lower observed total and some are slightly higher than the expected totals. 
 Overall, for the Fargo and Bismarck SCC stations, the results for some of the 
selected large and small surge or drawdown years are close to the anticipated weather 
type frequencies for either a surge or drawdown. Similar to the findings for the 
Spearman Rank correlation test on the individual weather type frequencies, the results 
do not show a strong and conclusive association with the smallest surges and 
drawdowns, and largest surges and drawdowns that have occurred in Devils Lake 
during the study period. The results are mixed, but some of the selected years do relate 
to what was anticipated in the weather type frequencies. Working with a longer time 
span, or a larger set of years might improve the results. Relating the weather type 
frequencies to the largest and smallest volume changes in Devils Lake instead of the 
water surface elevation might also produce more physically consistent results. 
4.4 NCEP/NCAR Reanalysis 
 Precipitable water (kg/m
2
) and the 700 mb (hPa) geopotential height 
(geopotential meters, gpm) were analyzed using the selected surge and drawdown 
years. Twenty maps were created using ArcMap 10 (Environmental Systems Research 
Institute, Redlands CA) for each dataset, or 40 maps total. The eight maps shown are 




Table 48   
 
Mean Precipitable Water Totals for Selected Small and Large Surge and Drawdown 
Years for Devils Lake, ND 
 




    
Smallest Surge  
(Cold Season Years) 
  Largest Surge  
(Cold Season Years) 
 
1973 7.29  1969 6.66 
1980 6.39  1979 6.16 
1988 6.86  1995 7.62 
1990 6.74  1997 6.78 
2000 7.58  2009 6.75 
Average 6.97  Average 6.79 
     
Smallest Drawdown 
 (Warm Season Years) 
  Largest Drawdown  
(Warm Season Years) 
 
1969 21.36  1967 19.09 
1970 22.07  1972 21.15 
1971 21.05  1976 19.97 
1974 19.02  1988 23.42 
1993 20.62  2006 22.23 





Mean 700 mb (hPa) Geopotential Height of for Selected Small and Large Surge and 
Drawdown Years for Devils Lake, ND 
 
700 mb (hPa) 
Geopotential Height 
(gpm) 
    
Smallest Surge 
 (Cold Season Years) 
  Largest Surge  
(Cold Season Years) 
 
1973 2932  1969 2909 
1980 2921  1979 2904 
1988 2923  1995 2935 
1990 2907  1997 2918 
2000 2954  2009 2915 
Average 2927  Average 2916 
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Table 49 (continued) 
 
    
700 mb (hPa) 
Geopotential Height 
(gpm) 
    
Smallest Drawdown  
(Warm Season Years) 
  Largest Drawdown  
(Warm Season Years) 
 
1969 3076  1967 3083 
1970 3086  1972 3085 
1971 3080  1976 3095 
1974 3065  1988 3102 
1993 3062  2006 3097 
Average 3074  Average 3092 
 
The following maps (Figures 28-35) show the mean precipitable water and 
mean 700 mb (hPa) geopotential height values for each set of selected surge and 
drawdown years. The location of the USGS gauge in Devils Lake, located on North 











































































Figure 33. Mean 700 mb (hPa) geopotential height for the five large surge years. 
 
 




Figure 35. Mean 700 mb (hPa) geopotential height for the five large drawdown years. 
The results from the Reanalysis precipitable water dataset are not consistent 
with the anticipated results for the selected years. Years with large surges and small 
drawdowns exhibit low precipitable water values when compared to years with small 
surges and large drawdowns.  
 The large surge of 1979 had one of the lowest values (6.16 kg/m
2
), when it 
would be expected to have had a higher value than the small surge years. The large 
surge of 1995 did have one of the highest precipitable water values. The warm season 
of 1988, which had one of the largest drawdowns, had the highest precipitable water 
value of 23.42 kg/m
2
. The overall averages calculated for each set of small and large 
surge and drawdown years with the precipitable water dataset are opposite to what was 




 The results for the mean 700 mb (hPa) geopotential heights match the 
anticipated results (Table 49). The five smallest surge years had an average 700 mb 
(hPa) geopotential height of 2,927 gpm, while the five largest surge years had a slightly 
lower value of 2,916 gpm. This corresponds to a small increase in the number and/or 
intensity of low pressure systems over Devils Lake. The five warm season years with 
the smallest drawdowns had an average 700 mb (hPa) geopotential height of 3,074 
gpm, while the five largest drawdown years had a higher average value of 3,092 gpm. 
This relates to a small increase in  the frequency and/or intensity of high pressure 
systems in the region or lack of low pressure systems. 
 These average geopotential height differences are small; a larger difference 
would be needed to demonstrate a more conclusive link between changes in water 
surface elevation and atmospheric circulation patterns. The results from the Reanalysis 
do agree with the results from the SSC analysis, however. Both show a generally 
consistent but non-conclusive relationship between atmospheric circulation anomalies 





 The trend analyses using the Spearman’s Rho Correlation statistic to test for 
along-term trend in the frequency of the seven SSC weather types did not show 
conclusive results at the Bismarck or Fargo stations. For the 46 year water year, warm 
season, and cold season periods of record some statistically significant trends were 
found in the frequency of the seven SSC weather types within the region. At Fargo, the 
Transitional weather type had a significant decrease in frequency within the water year 
and cold season time period. Dry Moderate had a significant increase in frequency over 
the water year, cold and warm season time periods. At Bismarck, Dry Moderate had a 
statistically significant increase and the Transitional weather type decreased in the 
water year and warm season time periods. 
An observed increase in one of the humid or transitional weather types was also 
often accompanied by a similar observed increase in one or more of the drier weather 
types. A significant increase in one or more of the humid weather types, along with an 
increase in the transitional weather type and a statistically significant decrease in one or 
more of the dry weather types would have helped establish a better association between 
water surface elevation changes for the large surge and small drawdown years, and 
synoptic circulation patterns. 
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 Chi-Square tests of the observed and expected frequencies of the weather types 
during the large and small surge and drawdown years did not show a clear and 
consistent association between water surface elevation changes and circulation 
anomalies either. Few of the selected years had conclusive results that exhibited a 
weather type frequency pattern consistent with the selected water surface elevation 
changes. Many of the years had observed frequency patterns that were different from 
the anticipated frequencies. Out of the twenty Chi-Square tests performed for each SSC 
station, the null hypothesis was not accepted at the 0.05 level of significance on 28 of 
the selected warm or cold season years out of the 40 tests. 
The second independent dataset, which featured the Reanalysis precipitable 
water and 700 mb (hPa) geopotential height data, showed results similar to the SSC 
analysis. The precipitable water maps and values did not show relationships to the 
observed changes in water surface elevation for the selected subsets of years. The 
results, on average, were opposite to what was anticipated based upon the observed 
increases or decreases in water surface elevation. The 700 mb (hPa) geopotential height 
results more closely matched anticipated patterns. The differences in the mean 700 mb 
(hPa) geopotential height between the surge and drawdown years with either an 
increase or decrease in water surface elevation differed only slightly, however. A larger 
difference between the geopotential height values would have been more conclusive. 
Both of the two independent datasets examined showed a weak but inconclusive 




A few significant changes could be made to this study of the relationships 
between water surface elevations and atmospheric circulation anomalies using the SSC 
and Reanalysis datasets. Some improvements to this study would include using water 
volume changes at Devils Lake to select the surge and drawdown years instead of the 
water surface elevation changes. Additional Reanalysis variables could also be added to 
the study, such as surface pressure, surface flow rate, and surface convective 
precipitation rate. Reanalysis data could be downloaded for the whole period of study 
(1965-2010) as well, instead of just the selected years. 
 This was a unique application of the SSC and Reanalysis datasets to study the 
relationship between water surface elevation changes and atmospheric circulation 
anomalies within a closed basin. Other factors in the basin, such as drainage pattern 
changes due to human modifications on the land for agricultural purposes, need to be 


















CALCULATED SURGES AND DRAWDOWNS FROM 1965 TO 2010 
 
Table 1 
Complete Period of Record for the Calculated Surges and Drawdowns from 1965 to 2010, Based Off the 
Water Surface Elevation in Devil Lake. The DOY and Water Surface Elevation for each Maximum Spring 



























1965 148 1411.45 255 1411.04 -0.41 
 
107 
1966 145 1412.74 304 1411.87 -0.87 1.70 159 
1967 137 1412.85 321 1411.07 -1.78 0.98 184 
1968 136 1411.63 301 1410.68 -0.95 0.56 165 
1969 149 1414.57 247 1416.57 2.00 3.89 98 
1970 151 1418.46 325 1418.89 0.43 1.89 174 
1971 148 1420.14 244 1420.74 0.60 1.25 96 
1972 148 1422.26 300 1420.43 -1.83 1.52 152 
1973 91 1420.60 322 1419.14 -1.46 0.17 231 
1974 151 1422.10 304 1422.75 0.65 2.96 153 
1975 148 1424.55 315 1423.28 -1.27 1.80 167 
1976 148 1424.86 333 1422.73 -2.13 1.58 185 
1977 125 1422.98 323 1421.71 -1.27 0.25 198 
1978 146 1422.84 314 1421.99 -0.85 1.13 168 
1979 150 1426.47 311 1425.84 -0.63 4.48 161 
1980 121 1426.05 287 1425.15 -0.90 0.21 166 
1981 120 1425.72 322 1425.14 -0.58 0.57 202 
1982 149 1426.36 270 1426.21 -0.15 1.22 121 
1983 151 1428.07 330 1427.00 -1.07 1.86 179 
1984 119 1427.89 278 1426.19 -1.70 0.89 159 
1985 110 1426.81 272 1425.89 -0.92 0.62 162 
1986 132 1427.21 311 1426.37 -0.84 1.32 179 
1987 150 1428.77 324 1427.87 -0.90 2.40 174 
1988 85 1427.91 319 1425.90 -2.01 0.04 234 
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Table 1 (continued) 
 





























1989 121 1426.44 320 1424.71 -1.73 0.54 199 
1991 120 1423.59 294 1422.96 -0.63 0.32 174 
1992 122 1423.66 305 1422.44 -1.22 0.70 183 
1993 129 1423.19 244 1426.33 3.14 0.75 115 
1994 150 1429.93 275 1430.31 0.38 3.60 125 
1996 152 1437.37 293 1437.36 -0.01 2.42 141 
1997 151 1442.03 283 1442.40 0.37 4.67 132 
1998 142 1444.62 277 1443.55 -1.07 2.22 135 
1999 151 1446.85 333 1446.15 -0.70 3.30 182 
2000 96 1446.36 285 1445.83 -0.53 0.21 189 
2001 140 1447.74 295 1447.01 -0.73 1.91 155 
2002 129 1447.28 329 1446.75 -0.53 0.27 200 
2003 139 1447.52 315 1446.30 -1.22 0.77 176 
2004 152 1448.81 335 1447.93 -0.88 2.51 183 
2005 117 1448.22 332 1447.86 -0.36 0.29 215 
2006 129 1449.20 331 1446.90 -2.30 1.34 202 
2007 151 1447.70 317 1446.70 -1.00 0.80 166 
2008 117 1447.06 264 1446.37 -0.69 0.36 147 
2009 149 1450.44 322 1449.86 -0.58 4.07 173 




WEATHER TYPES FROM THE SSC ANALYSIS 
 
The following graphs (Figures 1-26) show the weather types from the SSC 
analysis that did not have a statistically significant trend according to the Spearman 
Rank correlation test. The graphs are from the water year, cold and warm season 
frequency analysis. The frequency indicates the number of days in each year from 1965 
to 2010 the weather type was present. There are 365 days in a water year, 151 days in 
the cold season (November-March), and 153 days in the warm season (May-
September). The results for the Fargo SSC dataset are shown in Figures 1-16; Bismarck 


































































































































































































































Figure 1. The frequency of the Dry Polar weather type for water years 1966 to 
2010. The trend line has a Spearman's Rho coefficient of -0.217 (0.162 level of 
significance). 
Figure 2. The frequency of the Dry Tropical weather type for water years 1966 to 



























































































































































































































Figure 3. The frequency of the Moist Moderate weather type for water years 1966 
to 2010. The trend line has a Spearman's Rho coefficient of 0.052 (0.740 level of 
significance). 
Figure 4. The frequency of the Moist Polar weather type for water years 1966 to 











































































































































































































































Figure 5. The frequency of the Moist Tropical weather type for water years 1966 
to 2010. The trend line has a Spearman's Rho coefficient of 0.122 (0.437 level of 
significance). 
Figure 6. The frequency of the Dry Polar weather type for cold seasons 1966 to 













































































































































































































































Figure 7. The frequency of the Dry Tropical weather type for cold seasons 1966 
to 2010. The trend line has a Spearman's Rho coefficient of -0.016 (0.920 level 
of significance). 
Figure 8. The frequency of the Moist Moderate weather type for cold seasons 
1966 to 2010. The trend line has a Spearman's Rho coefficient of 0.098 (0.528 




































































































































































































































Figure 9. the frequencies of the Moist Polar weather type for cold seasons 1966 
to 2010. The trend line has a Spearman's Rho coefficient of -0.035 (0.819 level of 
significance). 
Figure 10. The frequency of the Moist Tropical weather type for cold seasons 
1966 to 2010. The trend line has a Spearman's Rho coefficient of 0.123 (0.427 



















































































































































































































































Figure 11. The frequency of the Dry Polar weather type for warm seasons 1965 to 
2010. The trend line has a Spearman's Rho coefficient of -0.237 (0.118 level of 
significance). 
Figure 12. The frequency of the Dry Tropical weather type for warm seasons 1965 













































































































































































































































Figure 13. The frequency of the Moist Moderate weather type for warm seasons 
1965 to 2010. The trend line has a Spearman's Rho coefficient of -0.079 (0.606 
level of significance). 
Figure 14. The frequency of the Moist Polar weather type for warm seasons 1965 




































































































































































































































Figure 16. The frequency of the Transitional weather type for warm seasons 1965      
to  2010. The trend line has a Spearman’s Rho coefficient of -0.258 (0.087 level of  
significane). 
Figure 15. The frequency of the Moist Moderate weather type for warm seasons 
1965 to 2010. The trend line has a Spearman’s Rho coefficient of -0.234 (0.122 

































































































































































































































Figure 17. The frequency of the Dry Tropical weather type for water years 1966 to 








Figure 18. The frequency of the Moist Moderate weather type for water years 
1966 to 2010. The trend line has a Spearman's Rho coefficient of 0.056 (0.718 
































































































































































































































Figure 19. The frequency of the Moist Polar weather type for water years 1966 









Figure 20. The frequency of the Dry Moderate weather type for cold seasons 
1966 to 2010. The trend line has a Spearman's Rho coefficient of 0.285 (0.061 
















































































































Figure 21. The frequency of the Dry Tropical weather type for cold seasons 1966 





























































































































Figure 22. The frequency of the Moist Moderate weather type for cold seasons 
1966 to 2010. The trend line has a Spearman's Rho coefficient of 0.100 (0.518 











































































































































































































































Figure 23. The frequency of the Moist Polar weather type for cold seasons 1966 
to 2010. The trend line has a Spearman's Rho coefficient of 0.061 (0.693 level of 
significance). 
Figure 24. The frequency of the Moist Tropical weather type for cold seasons 
1966 to 2010. The trend line has a Spearman's Rho coefficient of 0.051 (0.742 

































































































































































































































Figure 25. the frequency of the Transitional weather type for cold seasons 1966 
to 2010. The trend line has a Spearman's Rho coefficient of -0.271 (0.075 level of 
significance). 
Figure 26. The frequency of the Dry Tropical weather type for warm seasons 1965 













































































































































































































































Figure 28. The frequency of the Moist Polar weather type for warm seasons 1965 to 
2010. The trend line has a Spearman's Rho coefficient of -0.179 (0.240 level of 
significance).
Figure 27. The frequency of the Moist Moderate weather type for warm seasons 
1965 to 2010. The trend line has a Spearman's Rho coefficient of -0.070 (0.646 






CHI-SQUARE TEST RESULTS 
 
 The following tables are from the Chi-Square test results performed on the 
Spatial Synoptic Classification datasets for Fargo and Bismarck. The tables contain 
the years that accepted the null hypothesis that the observed frequencies match the 







Observed and Expected Frequencies of SCC Weather Types at Fargo during the 
Warm Season of 1969, One of the Five Smallest Drawdown Years 
 
Weather Type Observed N                  Expected N             Residual 
Dry Moderate 36 45 -9 
Dry Polar 35 29 6 
Dry Tropical 5 8 -3 
Moist Moderate 14 16 -2 
Moist Polar 16 14 2 
Moist Tropical 18 21 -3 





Observed and Expected Frequencies of the SSC Weather Types at Fargo during the 
Warm Season of 1970, One of the Five Smallest Drawdown Years 
 
Weather Type Observed N Expected N Residual 
Dry Moderate 38 45 -7 
Dry Polar 23 29 -6 
Dry Tropical 10 8 2 
Moist Moderate 14 16 -2 
Moist Polar 19 14 5 
Moist Tropical 27 21 6 










Observed and Expected Frequencies of the SSC Weather Types at Fargo during the 
Warm Season of 1972, One of the Five Largest Drawdown Years 
 
Weather Type Observed N Expected N Residual 
Dry Moderate 38 45 -7 
Dry Polar 28 29 -1 
Dry Tropical 8 8 0 
Moist Moderate 14 16 -2 
Moist Polar 16 14 2 
Moist Tropical 25 21 4 
Transitional 24 20 4 




Observed and Expected Frequencies of SSC Weather Types at Fargo during the Cold 
Season of 1988, One of the Five Smallest Surge Years 
 
Weather Type Observed N Expected N Residual 
Dry Moderate 17 19 -2 
Dry Polar 51 59 -8 
Moist Moderate 27 16 11 
Moist Polar 36 33   3 
Transitional 21 23 -2 









Observed and Expected Frequencies of the SSC Weather Types at Fargo during the 
Cold Season of 1995, One of the Five Largest Surge Years 
 
Weather Type Observed N Expected N Residual 
Dry Moderate 23 19 4 
Dry Polar 52 59 -7 
Dry Tropical 1 1 0 
Moist Moderate 22 16 6 
Moist Polar 33 33 0 
Moist Tropical 2 1 1 




Table 7  
Observed and Expected Frequencies of the SSC Weather Types at Fargo during the 
Cold Season of 2009, One of the Largest Surge Years 
 
Weather Type Observed N Expected N Residual 
Dry Moderate 17 19 -2 
Dry Polar 65 58 7 
Moist Moderate 12 16 -4 
Moist Polar 29 32 -3 
Moist Tropical 1 1 0 










Observed and Expected Frequencies of the SSC Weather Types at Bismarck during 
the Warm Season of 1969, One of the Smallest Drawdown Years 
 
Weather Type Observed N Expected N Residual 
Dry Moderate 60 55 5 
Dry Polar 24 27 -3 
Dry Tropical 16 12 4 
Moist Moderate 9 12 -3 
Moist Polar 9 15 -6 
Moist Tropical 14 15 -1 





Observed and Expected Frequencies of the SSC Weather Types at Bismarck during 
the Warm Season of 1971, One of the Smallest Surge Years 
 
Weather Type Observed N Expected N Residual 
Dry Moderate 54 55 -1 
Dry Polar 32 27 5 
Dry Tropical 12 12 0 
Moist Moderate 16 12 4 
Moist Polar 12 15 -3 
Moist Tropical 10 15 -5 









Table 10  
Observed and Expected Frequencies of the SSC Weather Types at Bismarck during 
the Warm Season of 1970, One of the Smallest Drawdown Years 
 
Weather Type Observed N Expected N Residual 
Dry Moderate 49 55 -6 
Dry Polar 28 27 1 
Dry Tropical 19 12 7 
Moist Moderate 13 12 1 
Moist Polar 12 15 -3 
Moist Tropical 12 15 -3 





Observed and Expected Frequencies of the SSC Weather Types at Bismarck during 
the Warm Season of 1972, One of the Largest Drawdowns 
 
Weather Type 
    Observed 
N 
Expected N Residual 
Dry Moderate 50 55  -5 
Dry Polar 31 27  4 
Dry Tropical 10 12 -2 
Moist Moderate 12 12  0 
Moist Polar 12 15 -3 
Moist Tropical 19 15  4 
Transitional 19 16  3 








Table 12  
Observed and Expected Frequencies of the SSC Weather Types at Bismarck during 




                       Observed N Expected N Residual 
Dry Moderate 45 36   9 
Dry Polar 53 57 -4 
Moist Moderate 14 11  3 
Moist Polar 29 30 -1 




Table 13  
Observed and Expected Frequencies of the SSC Weather Types at Bismarck during 
the Cold Season of 2009, One of the Largest Surge Years 
 
Weather Type Observed N Expected N Residual 
Dry Moderate 26 34 -8 
Dry Polar 59 53 6 
Moist Moderate 10 10 0 
Moist Polar 28 29 -1 
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